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ABSTRACT OF DISSERTATION 
 
 
 
INTERACTIONS OF COMPOUNDS CONTAINING GROUP 12 AND 16 ELEMENTS 
 
The focus of this dissertation is on the interactions of compounds containing 
group 12 and 16 elements. This work is presented in three major parts. First, the 
interaction of the synthetic dithiol N,N’-bis(2-mercaptoethyl)isophthalamide), 
abbreviated BDTH2, with selenite. Second, the interaction of cysteine with Cd(II) and the 
biologically relevant Cd-Cysteine crystal structure. Third, the green synthesis of CdSe 
quantum dots (QDs).  
 The interaction of BDTH2 with selenite is different from the interactions with 
other metals and metalloids previously studied. Under ambient conditions, BDTH2 is 
oxidized to the disulfide, BDT(S-S), while selenite is reduced to elemental selenium. 
However, under carefully controlled conditions, the reaction of BDTH2 with selenite 
produces a mixture of BDT(S-S) and the covalently bound Se(II) species, BDT(S-Se-S). 
While the mixture could not be separated, experimental 77Se NMR combined with 
computational analysis confirmed the presence of BDT(S-Se-S). 
 The interaction of the amino acid cysteine with Cd(II) was studied as a means to 
sequester, and potentially recycle, Cd(II) from bulk CdS waste. Single crystals of 
Cd(Cys)Cl·H2O were grown, and the crystal structure determined. Surprisingly, this is 
only the second structure to be determined by X-ray crystallography of a compound 
containing the Cd-Cysteine unit. Not only does this structure have biological relevance, 
but it also corrects a structure proposed in 1965. 
Using the knowledge gained from studying the interaction of BDTH2 with 
selenite, a green synthesis of water-soluble CdSe QDs by the reaction of selenite with 
Cd(Cys)Cl·H2O in water at room temperature was developed. This green method for the 
synthesis of CdSe QDs was extended to ZnSe and HgSe QDs. The mechanism of CdSe 
formation was investigated using Cd(II) combined with various thiols. 
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Chapter 1  Introduction 
 
1.1. Introduction 
 
Cadmium (Cd) and selenium (Se) are both toxic elements but have very different 
chemistry and toxicity.  Both elements interact differently with thiol-containing 
compounds and can react with each other to form the useful solid-state material, 
cadmium selenide (CdSe), specifically CdSe quantum dots (QDs). Before mentioning the 
specific interactions and potential applications as a result of these interactions, it is 
important to have a basic understanding of the chemistry, occurrence, and toxicity of 
each of these species. This chapter focuses on the basic chemistry and toxicity of Cd, Se, 
and QDs while giving a brief overview of the research conducted. The remaining 
chapters will focus on the specific interactions and applications of the topics introduced 
here. 
1.2. Cadmium 
 
Fundamental Chemistry 
Cd is a metal of group 12 almost always found in the +2 oxidation state.1 It forms 
a range of compounds having varying degrees of structural complexity with several 
anions and ligands. It forms compounds with halides that display complex equilibria in 
solution.2 The aqueous equilibrium of Cd and chloride is an important Cd-halide 
equilibrium in relation to this work. For this equilibrium, the major species are Cd2+, 
CdCl+, CdCl2, and CdCl3-. In seawater, due to the high concentration of chloride ions, 
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CdCl+ and CdCl2 are the predominant species, with the other species contributing less 
than 10% of the total Cd content. In freshwater Cd2+ is the predominant species, with 
the other species contributing less than 1% to the total Cd content.3 
The Pearson Hard-Soft Acid-Base Concept considers acids (metal ions) and bases 
(donor ligands) as hard or soft based on their size and polarizability. In general, hard-
hard and soft-soft interactions are more favorable than hard-soft or soft-hard 
interactions.4 Some sources consider Cd(II) a soft acid,4 while others consider it a 
borderline acid.5 This discrepancy is reflected in the tendency of Cd to form compounds 
with hard and soft donor ligands. It forms compounds with oxygen donor ligands such as 
sulfate, nitrate, and perchlorate.6 It also forms compounds with nitrogen donor ligands, 
such as ammonia, pyridine, and bipyridine.7 The most important compounds in relation 
to this work are the compounds formed with sulfur donor ligands,8 specifically thiols. 
While the oxidation state of Cd in coordination complexes is almost always +2, 
the complexes have a range of coordination numbers. Cd complexes can range in 
coordination number from 2 to 8, with 4, 5, and 6 being the most common. Complexes 
with a coordination number of 2 are typically only found in the gas phase.1,9 One 
example would be CdCl2, which is found to be two-coordinate in the gas phase, but six-
coordinate in the solid phase.10  Furthermore, the few rare examples of two-coordinate 
Cd in the solid state are very unstable. One example of this, the organocadmium 
compound [Cd(C6F5)2], is very sensitive to hydrolysis.11 An example of three-coordinate 
Cd is CdBr3- in organic solvents,9 but in aqueous solutions, the coordination number is 
increased resulting in a pyramidal structure due to the binding of water molecules to 
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the Cd center.1  Being similar to Zn, several four-coordinate complexes are known. While 
Cd is similar to Zn, the increased size of Cd makes the coordination number of 6 more 
common than 4 or 5. Complexes with coordination numbers of 7 and 8 are known but 
very rare.9  
Occurrence 
In the environment, Cd is almost always found as a Cd(II) salt. It is present in the 
Earth’s crust at about 0.1-0.5 ppm.12 The most common Cd mineral, greenockite, is not 
found in isolated deposits. Instead, it is found in deposits of the most common Zn ore 
material, sphalerite.13 In fact, 80% of Cd is produced as a byproduct of Zn ore refining,13 
where it is present at 0.2-0.3% as an impurity.1 
Rocks and soils contain small concentrations of Cd.14 Windblown dust, volcanic 
activity, wildfires, and uptake by vegetation account for emission of Cd from natural 
sources.15 However, when compared with Co, Cu, Cr, Hg, Mn, Ni, Pb, and Zn, the Cd 
emission from these events are very low with only Hg emission being lower.15 
 The buildup of Cd in agricultural soil is caused by the application of fertilizers 
which contain Cd as a trace contaminant.14 Cd is one of the more concerning heavy 
metals because of its tendency to accumulate in high levels in the leaves of plants.15 
Application of sewage sludge to crops also contributes to Cd enrichment.15,16 
Interestingly, Cd is the only element that shows a higher upper-level concentration in 
agricultural crops (0.8 ppm dry weight) than its upper-level concentration in 
uncontaminated soils (0.7 ppm dry weight) when compared to Co, Cr, Cu, Fe, Mn, Mo, 
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Ni, Pb, and Zn.15 For example, Cr has an upper-level concentration in uncontaminated 
soils of 3,000 ppm dry weight, while the upper-level concentration in agricultural crops 
is only 1 ppm dry weight.15 
 Mining, smelting, metal finishing, and recycling of metals all contribute to 
industrial sources of Cd.15 High-temperature smelting causes emission of Cd vapor and 
particulates, which can combine with atmospheric moisture and travel as aerosols which 
are eventually deposited contaminating soils and water bodies.15 Other industrial 
sources of Cd include effluents from textile facilities, nuclear facilities, chloro-alkali 
production, and petroleum refining.15 While industrial emissions are expected to 
increase in developing countries in the future, the 27 members of the European 
Community reported a 70% decrease in Cd emission from 1990 to 2009.17 
 The main technological uses of Cd are batteries (75%), pigments (12%), coatings 
(8%), and stabilizers for plastics (4%).1,13 Ni-Cd batteries rely on the Cd/Cd(II) redox 
reaction at the battery anode and have advantages for energy storage.18 Cd compounds, 
mainly Cd-chalcogenides, find uses in pigments due to the color arising from 
interactions of the compounds with light.18 Cd is used in metal coatings to prevent 
corrosion.16,18 
Exposure and Toxicity 
In 2010 the World Health Organization (WHO) set the tolerable monthly intake 
of Cd at 25 µg/kg body weight and a guideline value of 3 µg/L in drinking water. In the 
United States, the concentration of Cd in drinking water (2 µg/L) is low when compared 
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to other toxic elements such as As (10 µg/L) and Pb (5 µg/L).19 Due to the presence of 
sulfide ions in water, which precipitate soluble Cd(II) as insoluble CdS, drinking water 
does not contribute significantly to total Cd exposure.20 
It has long been known that cigarette smoke contains a relatively large amount 
of Cd.21 As mentioned previously, Cd has a high tendency to accumulate in the leaves of 
plants,15 which is the part of the tobacco plant used in cigarettes. On average, a single 
cigarette contains 0.5-1 µg of Cd.22 Upon combustion, Cd is converted to CdO, which is 
highly bioavailable.22 When a dose of Cd is applied in the lungs as much as 90% is 
absorbed, while only about 5% is absorbed when applied to the gastrointestinal tract.23 
Smoking is the major Cd exposure route in cigarette smokers.16,23-25 In smokers, the 
blood Cd levels are typically 4-5 times higher than the non-smoking population.16 
For the non-smoking population the primary source of Cd exposure is food.16 
However, the amount of intake varies considerably due to varying Cd concentrations in 
food and differing dietary habits.16 For plant-based foods grown in uncontaminated 
soils, the Cd content rarely exceeds 0.2 mg/kg fresh weight.26 The Cd content found in 
most fish is so low (< 0.2 mg/kg) that it can be difficult to determine.26 Most shellfish do 
not exceed a Cd content of 1 mg/kg.26 However, crabs, lobsters, and whelks often have a 
Cd concentration that exceeds 1 mg/kg.26 In animal meat, not including offal, the 
average Cd concentration is less than 0.05 mg/kg.26 Dairy products also contain a low Cd 
concentration that typically doesn’t exceed 0.05 mg/kg.26 
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Another source of exposure is through occupational exposure during production 
and disposal of Cd-containing compounds.18 The main route of exposure is through 
inhalation of Cd fumes or dust.27 When exposed to Cd through inhalation it is first 
accumulated in the liver.27 In the liver, Cd binds to glutathione (GSH) or metallothionein 
(MT).28 Cd bound to GSH is eventually excreted into bile, while Cd bound to MT is stored 
until being transported to the kidneys.28 MT  is a low-molecular-weight (LMW) protein 
that plays a role in the transport of Cd from the liver to the kidneys.27   
MT helps protect against low-dose exposures of Cd. At low doses, Cd in the liver 
induces the production of MTs, which help protect hepatocyte cells from the toxic 
effects of Cd.29 While only common at high doses, hepatocyte cells can become 
saturated with Cd ions, which then induce oxidative stress and lipid peroxidation.30  
Cd is incorporated into MT by replacement of Zn.23 Some of the toxic effects of 
Cd are believed to be due to this replacement of Zn with Cd in MT, which interferes with 
metabolic processes involving Zn.23 Cd is also thought to interfere with other metal-
binding proteins such as Ca-binding proteins.18 While there have been no proven 
treatments for Cd intoxication, administration of Zn can frequently reduce the toxic 
effects of Cd.23 
Cd exposure is thought to cause kidney damage through the formation of renal 
lesions.16,28 Increased excretion of LMW proteins, which indicates tubular dysfunction, is 
the first sign of renal lesions.16 This initial tubular dysfunction, which is believed to be 
reversible, can eventually progress and lead to serious kidney damage.16 Skeletal 
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damage such as osteoporosis and bone fractures have been linked to Cd exposure over 
long periods.16 
In 1993 Cd was classified as a human carcinogen.23 By far lung cancer is the most 
common form of cancer associated with Cd exposure, but cancer of the prostate, 
kidney, liver, and stomach have also been reported.23 While the carcinogenic effects of 
Cd have been clearly established, there is no consensus on the actual mechanism of 
carcinogenesis.23 
1.3. Selenium 
 
Fundamental Chemistry 
Se is a nonmetal of group 16, but unlike O and S, it shows some metallic 
character.31 Similar to S and Te, Se shows diverse structural chemistry due to its 
tendency to catenate.31 This catenation tendency leads to several allotropes of 
elemental Se. Unlike O, which exist as double bonded diatomic O2, Se exists as 
polymeric chains or rings consisting of Se-Se single bonds. This is due to the fact that if 
the double bond energy is considered to be a combination of single (σ) bond energy 
(142 kJ/mol for O-O and 210 kJ/mol for Se-Se) plus the second (π) bond energy (350 
kJ/mol for O=O and 125 kJ/mol for Se=Se), double bond formation has very little energy 
gain for Se, due to the poor overlap of its π orbitals.5  
As with Cd, Se compounds can have a variety of coordination numbers. However, 
unlike Cd, Se can commonly be found in a variety of oxidation states. When compared 
to sulfur, the +6 oxidation state of Se is less stable, partly due to the increased metallic 
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character.31 Inorganic Se compounds are most commonly halides, selenides, oxides, and 
oxoacids.32  
 Se forms monohalides (Se2X2), dihalides (SeX2), and tetrahalides (SeX4) when 
combined with fluorine, chlorine, bromine, and iodine.32 The fluorine halides are the 
most stable and can form the hexafluoride, SeF6, in an electric-arc discharge, while 
hexahalides of chlorine, bromine, and iodine are not known.32 Most of the Se halides are 
highly reactive and easily hydrolyze.32 
 Selenides contain Se in the 2- oxidation state. Hydrogen selenide (H2Se) readily 
decomposes to elemental Se.32 Therefore, the most common selenides encountered are 
binary metal selenides.32 
 The most important oxide of Se is selenium dioxide (SeO2). It contains two-
coordinate Se in the 4+ oxidation state. It is easily formed by burning Se in the presence 
of oxygen.32 When dissolved in water, it forms selenous acid (H2SeO3).32 
 Selenous acid is one of the important oxoacid Se compounds. Like selenium 
dioxide, it contains Se in the 4+ oxidation state, but its coordination number has been 
increased to 3. The other important oxoacid of Se is selenic acid (H2SeO4), in which the 
coordination number and oxidation state of Se have increased to 4 and 6+, respectively. 
 The final class of Se compounds worth mentioning is organoselenium 
compounds. Organoselenium compounds are compounds that contain a carbon-
selenium bond. They are Se analogs of sulfur-containing compounds and have similar 
properties to the parent sulfur-containing compounds.32 One important organoselenium 
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compound is the Se analog of the amino acid cysteine (CysH), selenocysteine, which will 
be discussed later when considering Se toxicity. 
Occurrence 
Unlike Cd, which is almost always found as Cd(II), Se can exist in a number of 
different oxidation states. Se speciation, which is controlled by pH and redox conditions, 
is important when considering its distribution in the environment.33 It can be found as 
selenide (2-), elemental Se (0), selenite (4+), and selenate (6+).33 
Thermodynamically, selenide (Se2-) should exist in reducing environment as 
H2Se, but it is unstable and oxidizes to elemental Se.33 Therefore, selenides are usually 
found as metal selenides.33 Se has been shown to form binary selenides with 58 
metals.32 Most of these metal selenides are insoluble and resistant to oxidation, making 
them unavailable for uptake by plants and animals.33 
In reducing environments, elemental Se is fairly stable, and all the different 
allotropes are very insoluble.33 The oxidation and reduction of elemental Se are 
kinetically slow.33 However, some microorganisms can oxidize elemental Se to selenite 
and selenate.33  
In the 4+ oxidation state, selenite (SeO32-), is stable under mildly oxidizing 
conditions.33 In acidic to neutral pH selenite exists as H2SeO3.33 Selenite can be reduced 
to elemental Se by microorganisms, reducing agents, or acidic environments.33 
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In the 6+ oxidation state, selenate (SeO42-), is stable in oxidizing conditions.33 
H2SeO4, which is similar to sulfuric acid, is not found in natural waters.33 Selenate is the 
most mobile form of Se, and oxidation to selenite or elemental Se is kinetically slow.33 
While the oxidation state of Se is important when discussing its distribution in 
the environment, for simplicity only the total Se concentration will be considered. 
Granite, limestone, sandstones, and shales all have a Se concentration around 0.05 
mg/kg, while phosphate rocks can have concentrations up to 300 mg/kg.33 In most soils, 
the Se concentration does not exceed 2 mg/kg, except for seleniferous soils which can 
have concentrations exceeding 1200 mg/kg.34 Rock weathering and soil leaching are 
responsible for 50-65% of Se accumulation in the environment.35 Coal can contain Se 
concentrations up to 20 mg/kg, and combustion of coal releases a significant amount of 
Se into the environment.34 
Se concentrations in natural waters typically don’t exceed 0.01 mg/L,33 with river 
water containing a slightly higher concentration than seawater (0.005 mg/L).32 However, 
in alkaline water or water sources near seleniferous rocks, the concentration can reach 
0.4 mg/L.33 
The concentration of Se in plants and animals varies greatly by location.33 For 
example, in the United States, Se concentrations in plants can range from 0.01-1.8 
mg/kg dry weight.33 A large range can also be observed in fish and animals. Marine fish 
can contain Se concentrations of 0.3-2.0 mg/kg fresh weight.33 Freshwater fish typically 
have a lower Se concentration (0.42-0.64 mg/kg fresh weight) than marine fish.33 Animal 
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tissue has an even wider range of Se concentrations (0.4-4 mg/kg dry weight) than in 
fish.33  
 Se is used in a variety of applications, with the primary uses being glass 
manufacturing (40%), metallurgy (25%), agriculture (15%), electronics (10%), and 
chemicals and pigments (10%).32 In glass manufacturing, iron impurities cause the glass 
to have a green color and Se is used to decolorize the glass.32 Another use of Se is to 
produce orange to red colored glasses for various applications.32 In metallurgy, Se is 
used as an alloy additive mainly to increase machinability.32 In agriculture, Se is used as 
an additive to soils in areas that contain deficient Se levels.32 The majority of electronic 
uses of Se are rectifiers, photovoltaic cells, and xerography.32 Selenium dioxide is used 
as an oxidizing agent for the production of pharmaceuticals and other chemicals.32 Se 
can be combined with CdS to produce pigments that require high-temperature 
stability.32 
Exposure and Toxicity 
Se toxicity is quite interesting due to the very narrow gap between essential and 
toxic concentrations. Dietary deficiency is considered as the consumption of less than 40 
µg/day, and toxic levels are reached when intake is greater than 400 µg/day.36 
When ingested, inorganic Se is reduced to selenide in animals and humans by 
different metabolic pathways depending on the form of inorganic Se.37 Figure 1.1 shows 
a simplified pathway for the handling and fate of inorganic Se in the body. GSH can 
easily reduce selenite to selenide (Figure 1.1 Step 2).37 Due to the higher redox potential 
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of selenate, it must first be reduced to selenite by an enzymatic process (Figure 1.1 Step 
1) before GSH can reduce it to selenide.37 Once selenite is reduced to selenide it can be 
incorporated into various organoselenium compounds (Figure 1.1 Step 4), including 
selenocysteine and selenomethionine, which are then assembled into Se-containing 
proteins. 
 
Figure 1.1. Simplified Se metabolism diagram (Figure adapted from Ref. 37) 
Se is an essential nutrient for humans. For healthy adults in the US, the 
recommended Se intake is 55 µg/day.32,37 It is required to produce selenocysteine, 
which is incorporated into selenoproteins that perform essential enzymatic functions.38 
Selenocysteine is typically found in the active sites of enzymes,38 such as glutathione 
peroxidase, that control important redox reactions that protect cells from oxidation.14 
One of the critical redox reactions is the reduction of hydrogen peroxide, which 
prevents oxidative damage to lipids and DNA.38 Selenocysteine is a better antioxidant 
than CysH because at physiological pH the thiol group of CysH is protonated while the 
selenol group of selenocysteine is deprotonated making it more reactive.39 
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 Se deficiency is more common in animals,40 but has been known to cause Keshan 
Disease and Kashin-Beck Disease in humans.35,38 Infections such as HIV have been shown 
to progress at accelerated rates when there is a Se deficiency.38 Se deficiency is also 
linked to problems associated with mood, thyroid function, cardiovascular disease, and 
cancer.38,41 Se is known to reduce the toxic effects of heavy metals such as Hg by 
formation of inert heavy metal selenides.38 
 Drinking water is typically not a significant source of Se intake. In 1993 the EPA 
set an upper Se concentration limit of 50 µg/L in drinking water,35 but most drinking 
water falls well below this limit and is usually less than 1 µg/L.32 However, in wells and 
rivers near seleniferous areas, the concentration can exceed 2500 µg/L.32 
Food is the primary source of Se intake, with cereals, meat, and seafood 
generally containing high amounts.40,41 Se in soils varies widely by location which leads 
to varying Se concentrations in plant-based foods.41 Importation of Se-rich foods and 
application of Se-containing fertilizers have been used in areas with low soil levels of Se 
to help meet the required Se intake.41 Se containing supplements have also been used 
to provide the necessary amount of Se. However, these are not highly regulated and 
could lead to crossing the threshold between essential dietary Se intake and the amount 
required to cause Se toxicity.41 
 Within the required homeostatic levels, Se is known to be an anticarcinogen, but 
when the intake levels exceed the homeostatic requirements, it can cause cancer, as 
well as other adverse toxic effects.37 When toxic levels (>400 µg/day)36 are reached, 
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then adverse health effects begin to become an issue. Gastrointestinal distress, 
bronchial irritation, and garlic breath are all symptoms of Se poisoning.32 The production 
of reactive oxygen species (ROS) (Figure 1.1 step 3), by reaction of a thiol or reductant 
with selenide, is one of the leading causes of Se toxicity.37 
 Toxic levels of Se intake can induce genotoxicity, cytotoxicity, and certain 
diseases.37 At the genetic level, the Se-induced genotoxicity, mainly from the production 
of ROS, include DNA breakage, DNA oxidation, and impaired genomic stability.37 At the 
cellular level, the Se-induced cytotoxicity can cause arrested cell cycling, cell growth 
inhibition, and cell proliferation inhibition.37 Some of the diseases induced by toxic 
levels of Se intake include cancers, cardiovascular disease, amyotrophic lateral sclerosis, 
and diabetes.37  
1.4. Quantum Dots 
 
Fundamentals 
This section provides a brief introduction to quantum confinement effects. More 
extensive reviews can be found elsewhere.42,43 One popular model for the properties of 
quantum confinement is the effective mass approximation model based on the particle-
in-a-box model. More information on this model can be found in the literature.44 The 
model that is useful for predicting the band gap dependence on the size of the particles 
is the linear combination of atomic orbitals-molecular orbitals theory (LCAO-MO).42 
Since this research involves changing reaction conditions to investigate the change in 
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optical properties of QDs, which is directly related to the band gap, this model is 
introduced here. 
The optical properties of QDs are directly related to the change in band gap as a 
result of quantum confinement. The band gap energy is the energy that is required to 
generate an electron and a hole at a sufficient distance from each other with zero 
kinetic energy.42 This distance is long enough to make the Coulombic attraction between 
the two negligible.42 When the electron or hole approaches the other, they create an 
electron-hole pair, also known as an exciton.42 The Bohr exciton radius is the distance 
between the electron and hole in the exciton.42 
Figure 1.2 illustrates the effect of changing band gap size on the density of states 
(DOS) going from a molecule to a bulk material based on the LCAO-MO model.42 For a 
molecule, the combination of atomic orbitals (AO) from two individual atoms generates 
bonding and anti-bonding molecular orbitals (MO). The highest occupied molecular 
orbital (HOMO) levels are the bonding MO. The lowest unoccupied molecular orbital 
(LUMO) levels are the anti-bonding MO. The dotted arrow shows the energy difference 
between the top of the HOMO and bottom of the LUMO. Discrete energy bands in the 
DOS are a result of this energy difference between LUMO and HOMO levels in a single 
molecule. 
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Figure 1.2. Illustration of quantum confinement based on LCAO-MO model (Figure 
adapted from Ref. 42) 
For the bulk material (3D crystal), the increased number of atoms results in an 
increased number of atomic orbitals, which are combined to generate multiple MOs.  
The result of multiple MOs is HOMO and LUMO levels with closely spaced energies. The 
different levels now resemble a band of similar energy orbitals, with the LUMO referred 
to as the conduction band and the HOMO referred to as the valence band. The energy 
difference (dotted arrow) between the top of the conduction band and the bottom of 
the valence band is the band gap of the material. The result of the closely spaced 
orbitals of similar energies is a continuous energy band in the DOS. 
17 
 
For the bulk (3D crystal), there is no electron confinement in any direction. 
Confinement of electrons in one direction gives rise to a quantum well (2D crystal), 
which has a stair-step DOS due to electrons only being free to move in two dimensions. 
Confinement of electrons in two directions gives rise to a quantum wire (1D crystal), 
which has tailing peaks in the DOS due to electrons only being free to move in one 
dimension. 
Interesting size-dependent properties arise when the size of a particle is reduced 
to less than the diameter of the Bohr exciton, at which point it exhibits quantum 
confinement and is considered a QD.45 QDs are intermediate between molecules and 
bulk materials. The continuous energy bands in the bulk material are reduced to more 
discrete energy levels similar to those in individual molecules, which result in discrete 
energy transitions in the DOS. The band gap has also been increased compared to that 
of the bulk material. One of the more interesting properties due to quantum 
confinement is the ability to change the emission wavelength of a single material by 
simply changing its particle size. 
Nanoparticles, by definition, are particles with sizes <100 nm.46 In contrast to 
nanoparticles, the size for a particle to be considered a QD is based on the Bohr exciton 
radius of the material, which changes with each material. QDs can be formed by a 
variety of materials.  While there are different types of QDs, such as elemental QDs 
(e.g., silicon),47 III-V semiconductor QDs (e.g., InAs),48 and II-VI semiconductor QDs (e.g., 
CdSe),49 the focus of this work will be on II-VI semiconductor QDs.  
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Uses and Potential Toxicity 
QDs have received increasing attention due to their optical properties in 
applications such as light emitting diodes,50 solar cells,51-54 and biological imaging.55,56 
While all of these are important uses, the water solubility of the QDs produced in this 
work limit their fabrication into electronic devices but is a key criterion for their use in 
biological imaging. 
QDs have advantages and disadvantages compared to the commonly used 
fluorophores in biological imaging. QDs are more ideal than fluorophores for biological 
imaging since they typically have greater photostability, are resistant to metabolic 
degradation, and by tuning their size can emit different wavelengths while retaining the 
same surface structure.57 One downfall of QDs is their size, which prevents them from 
diffusing through cell membranes.57 Given these advantages and disadvantages, QDs are 
great candidates for in vitro imaging, but some downfalls limit their application for in 
vivo imaging. 
Being a relatively new technology, not much is known about QD exposure 
routes. Potential routes of exposure are workplace and therapeutic administration.58 
However, the latter is not currently a possibility because QDs are not approved for 
therapeutic purposes, but might need to be considered in the future.58 Inhalation, 
ingestion, and skin contact are all potential exposure routes in workplace settings.58 
 There are several literature reports pertaining to QD toxicity. However, many of 
the findings are conflicting.58 This conflicting evidence can partly be attributed to lack of 
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testing protocols standardization.58 While there is no consensus on QD toxicity, the 
particle size, particle charge, capping material, and susceptibility to oxidation, 
photolysis, and mechanical stress are all believed to be factors when discussing the 
toxicity. 
Se is known to regulate ROS levels, which are a major contributor to the toxic 
effects of Cd. The reduction of Cd-induced oxidative stress by Se has been 
demonstrated.59 This antagonistic relationship between Cd and Se could be one reason 
for the conflicting evidence on the toxicity of CdSe QDs. Furthermore, this antagonistic 
relationship suggests CdSe QDs could be a safer alternative to other QDs, such as CdS, 
for in vitro biological imaging applications. 
1.5. Overview of Research Conducted 
 
Previous research has focused heavily on the interaction of monothiols and 
dithiols with metals and metalloids, with the majority of the research focusing on the 
two dithiols 1,3-benzenediamidoethanethiol (BDTH2) (a in Figure 1.3) and 2,2’-
(isophthaloylbis(azanediyl))bis(3-mercaptopropanoic acid) (ABDTH2) (b in Figure 1.3). 
 
Figure 1.3. Structures of synthetic dithiols (a) BDTH2 and (b) ABDTH2 
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The early goals of the research were to develop a receptor coating for detection 
of As and Se with a quartz crystal microbalance (QCM). At the beginning of the research, 
the goal of creating a receptor coating for As detection was achieved. When a solution 
of arsenite was introduced to the QCM with ABDTH2 as the receptor coating, there was 
a decrease in frequency detected by the QCM indicating detection of arsenite. After 
proof of concept for As detection was demonstrated, the use of the dithiol receptor was 
extended to other elements, specifically Se. It was realized while investigating Se 
detection in the QCM that there was a selectivity issue to distinguish As from Se, as well 
as other elements that bind to the receptor. To remove potential interferences, there 
would need to be upstream pretreatment before the introduction of the sample to the 
receptor coating, which was beyond the scope of this research. The scope of the 
research was to develop a receptor coating for the detection of metal and metalloid 
ions, which was successfully demonstrated. 
 Due to the relatively high cost of consumables for the QCM, it was decided to 
examine the interaction of the parent compound of the receptor molecule with ions in 
solution outside of the QCM. Previous work in the group focused on the interaction of 
ABDTH2 and BDTH2 with As,60 so it was decided to investigate the interaction of BDTH2 
and ABDTH2 with Se. 
 The reaction of BDTH2 with selenite is not as simple as its reaction with other 
metals and metalloids previously studied. BDTH2 reacts with selenite under ambient 
conditions to produce elemental Se and the disulfide BDT(S-S). The formation of 
elemental Se and disulfides is observed for many thiols reacting with selenite in the 
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literature. However, as with other thiols, under carefully controlled conditions BDTH2 
reacts with selenite to form a mixture of BDT(S-S) and the covalently bound Se(II) 
compound, BDT(S-Se-S). Computational analysis by a collaborator confirmed the 
experimental observations. While pure BDT(S-Se-S) could not be isolated from the 
mixture, the mixture was decomposed and the isolated product shown to be BDT(S-S), 
which was previously believed not to form. 
 Some reports61,62 on the potential increased toxicity of As in the presence of 
dithiol compounds in low concentrations prompted an investigation into how efficiently 
a monothiol compound could remove metal ions compared to dithiols.  It should be 
mentioned, while dithiols in low concentrations might increase As toxicity, if the dithiol 
is connected to a solid support it would reduce its potential to become soluble and 
remain in solution after treatment. Seeing that ABDTH2 and BDTH2 have proven to be 
excellent sequestration agents for aqueous Hg and Pb,63,64 it was decided to explore Cd 
removal.  
A potential real-world problem was chosen to investigate this proposition. CdS 
has long been used as a pigment for certain applications which require a pigment with 
high thermal stability. With new Cd-free pigments emerging,65 it was anticipated there 
would be a significant amount of CdS waste if it was to be banned in the future.  
During the work with Cd(II) precipitation from potentially recycled bulk CdS, a 
single crystal of Cd(Cys)Cl·H2O was grown, and the crystal structure determined. 
Surprisingly, the compound had a 1:1 Cd:Cys ratio, which was not expected based on 
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several literature reports. This crystal structure corrected a proposed structure from 
1965. 
Using the knowledge gained in investigating the interaction of BDTH2 with 
selenite, it was hypothesized that a thiol ligand with a free amine could be used to 
produce CdSe QDs.  The Cd(Cys)Cl·H2O compound was picked as a precursor to provide 
Cd(II). It also provides CysH, which acts as a reducing agent and capping ligand. The thiol 
group acts a reducing agent, reducing selenite to elemental Se, and the amine group 
could solubilize the elemental Se, in the form of highly reactive Se2-, which reacts with 
Cd(II) in solution to produce CdSe QDs. The Cys used in the synthesis passivates the 
CdSe surface making the QDs water soluble. This is an environmentally friendly, room 
temperature method to produce water-soluble CdSe QDs. 
  
23 
 
Chapter 2 Interaction of Selenium with Synthetic Dithiol  
 
2.1. Introduction  
 
Drinking water does not contribute significantly to Se intake, with most drinking 
water containing Se concentrations less than 0.1 µg/L.32 However, in seleniferous 
regions such as Montana, well water can contain Se concentrations up to 1000 µg/L.34 
Therefore, in some extreme cases, there is a need for aqueous Se sequestration and 
real-time monitoring. This chapter will investigate the utility of BDTH2 as a sequestration 
agent for aqueous Se. The outcomes of this investigation will be used to assess if the 
acid derivative of BDTH2, ABDTH2, would be a suitable receptor coating for the real-time 
monitoring of Se in a QCM.  
BDTH2 has proven to be an effective precipitation agent for removing metals 
such as Hg and Pb from aqueous solutions through the formation of covalent metal-
sulfur bonds. At pH 4.0 BDTH2 removes 99.9% of Pb and 99.97% Hg from a 50 ppm 
solution. When the pH was increased to 6.0 BDTH2 removes 99.7% of Pb, and 99.97% of 
Hg.66 BDTH2 has been used in applications such as Hg removal from leachate solutions 
from the gold-cyanide process,67 heavy metal precipitation from acid mine drainage,68 
and as a coating on coal to prevent pyrite dissolution.69 
 BDTH2 has a high affinity for Hg binding. BDTH2 has been used to bind and 
remove Hg from contaminated soils irreversibly, and the BDT-Hg precipitate showed no 
detectable leaching of Hg at pH 0-10 after 60 days.70 The high affinity of BDTH2 for Hg 
was also demonstrated in a second leaching study where BDT-Hg demonstrated no 
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detectable Hg displacement when subjected to a solution containing 0.100 mmol of 
Zn2+, Mn2+, Cd2+, Cu2+, and Pb2+.71  
Computational studies determined a bond dissociation enthalpy of 68 kcal/mol 
for the Hg-S bonds in BDT-Hg.72 The bond dissociation enthalpy of Se-S in R-S-Se-R was 
determined to be 64 kcal/mol.73 Also, As which neighbors Se on the periodic table, has 
been effectively precipitated from aqueous solutions using BDTH2. BDTH2 showed 100% 
arsenite removal from aqueous solutions at pH 5 and 7.60 Furthermore, the bond 
dissociation energy of the As-S bond (379.5 + 6.3 kJ/mol) is very similar to that of the Se-
S bond (371.1 + 6.7 kJ/mol).74 Given these similarities, BDTH2 was anticipated to be an 
effective precipitation agent for Se removal from aqueous solutions through the 
formation of a BDT-Se precipitate. 
Surprisingly, the interaction of thiols with Se, specifically selenite, is very 
complex compared to the interaction of thiols with Hg and As. In 1941 Painter75 
proposed a series of reactions (Scheme 2.1) by which SeO2, which forms selenite in 
aqueous solution, oxidizes thiol-containing compounds to form RSSR and the unstable 
RS-Se-SR compounds. The products of reactions 2 and 3 (Scheme 2.1) have been 
confirmed in several works.75-79 
 
Scheme 2.1. Proposed reactions of selenite with thiols75 
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Painter75 combined selenite and CysH to obtain what he predicted to be Cys-S-
Se-S-Cys. The substance always had a S/Se ratio greater than 2 which he attributed to 
the presence of Cys-S-S-Cys Isolating the Se-containing product proved impossible at 
that time due to the unstable nature of the compound. 
Just a year after the work by Painter, Stekol80 published a communication article 
in which he claimed to have obtained selenium tetracysteine, (Cys)4Se, by 
recrystallization of the crude product obtained through the combination of CysH and 
selenite. This claim was based on elemental analysis (EA) data only. He paralleled the 
reactivity of CysH towards selenite to that of arsenious acid to form arsenious 
tricysteine, as most would have at the time due to the lack of literature on the 
interaction of thiols with Se.  
It was not until 1968 when Ganther76 confirmed the combination of CysH with 
selenite produced a mixture of Cys-S-S-Cys and Cys-S-Se-S-Cys, and not (Cys)4Se. He 
achieved separation of the two products by eluting the crude reaction mixture from a 
copper-Chelex column with a sodium acetate buffer at pH 4. After further work-up of 
the fraction containing Cys-S-Se-S-Cys, he obtained a yellow product, and the EA data 
were in great agreement with Cys-S-Se-S-Cys. 
While Painter correctly proposed the products of reactions 2 and 3 (Scheme 2.1), 
there are limited reports confirming the selenoxide (RS-(Se=O)-SR) product of reaction 1 
(Scheme 2.1). A series of compounds with the RS-(Se=O)-SR moiety have been 
reported,81 but lack unambiguous characterization data to support the presence of a 
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selenoxide group. While selenoxides with Se-S linkage have not been unambiguously 
identified in the literature, selenoxides with Se-C linkage have been identified by single-
crystal X-ray diffraction, so the possibility of the existence of selenoxides with Se-S 
linkage cannot be entirely ruled out. An example of a selenoxide with Se-C linkage, (p-
CH3OC6H4)Se=O,82 has been characterized, and the crystal structure determined (Figure 
2.1). 
 
Figure 2.1. Structure of (p-CH3OC6H4)Se=O (Redrawn with Mercury from Ref. 82) 
The selenoxide product proposed by Painter,75 and claimed to have been 
isolated,81 is a very important intermediate in the reaction mechanism of thiols with 
selenite proposed by Kice et al.77  Scheme 2.2 shows the overall reaction. 
 
Scheme 2.2. Overall reaction of thiols with selenite to form bis(alkylthio)selenide and 
disulfide77 
 The reaction requires 4 moles of thiol per mole of selenite to provide 1 mole of 
bis(alkylthio)selenide, RSSeSR, and 1 mole of disulfide, RSSR. This is found to hold true 
for straight chain alkyl thiols. However, when a bulky thiol such as t-BuSH is used, there 
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is less disulfide produced than predicted due to the formation of the thiolsulfonate, t-
BuSO2SBu-t.77 
 Since BDTH2 does not contain bulky groups on the carbon adjacent to the thiol, 
the focus will be on the proposed mechanism with straight chain alkyl thiols. The 
reaction has two distinct steps to form the selenoxide intermediate, for which the 
mechanism has been determined with relative certainty, followed by subsequent steps 
to form the bis(alkylthio)selenide and disulfide products, for which the mechanism can 
only be speculated.77 These reaction steps are summarized in Scheme 2.3. 
 
Scheme 2.3. Reaction steps leading to bis(alkylthio)selenide and disulfide 
 Step 1 (Scheme 2.3) is a reversible reaction, and it is believed the thiol reacts 
with a small amount of SeO2 that is in equilibrium with H2SeO3, rather than reacting with 
H2SeO3. Step 2 (Scheme 2.3) is believed to occur through nucleophilic attack by an 
additional thiol on Se in RSSeO2H followed by the elimination of water to form the 
selenoxide, (RS)2SeO. The kinetics of steps 3 and 4 (Scheme 2.3) were not accessible in 
their reaction system, so the mechanism can only be speculated. Step 3 (Scheme 2.3) is 
believed to occur through isomerization of the selenoxide, RS2SeO, to the oxygen 
inserted intermediate, RSSe(O)SR, which then undergoes attack by an additional thiol at 
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Se to generate the bis(akylthio)selenide and RSOH. In step 4 (Scheme 2.3), RSOH reacts 
with an additional thiol and eliminates water to form the disulfide.77 
 The study of reactions between thiols and selenite are important because they 
are believed to be a plausible process for the incorporation of inorganic Se into 
biological systems.76 While there are several literature reports on the interaction of 
selenite with thiols,75-79 there is a lack of literature on the interaction of selenate with 
thiols. 
 This chapter will investigate the interaction of BDTH2 with selenite and selenate. 
The knowledge gained will help evaluate the utility of BDTH2 as a precipitation and 
sequestration agent for aqueous Se and could provide biological insights on the reaction 
of dithiols with Se. 
2.2. Experimental 
 
Methods 
Melting points were acquired on a MEL-TEMP apparatus manufactured by 
Electrothermal. Infrared (IR) spectra were acquired on a Nicolet Avatar manufactured by 
Thermo Electron Corporation. Differential scanning calorimetry (DSC) was acquired on a 
DSC Q20 manufactured by TA Instruments. Thermal gravimetric analysis (TGA) was 
acquired on a TGA Q5000 manufactured by TA Instruments. Mass spectra (electron-
impact ionization) were acquired at 70 eV on a PolarisQ ion trap mass spectrometer 
manufactured by ThermoFinnigan.  1H (400.392 MHz, referenced to solvent proton 
signal), 13C (100.689 MHz, referenced to solvent carbon signal), and 77Se (76.389 MHz, 
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referenced to an external standard of dimethyl selenide) nuclear magnetic resonance 
(NMR) spectra were acquired in DMSO-d6 at 25 oC on an INOVA instrument 
manufactured by Varian. Inductively coupled plasma optical emission spectroscopy (ICP-
OES) data was acquired at 1.2 KW, with replicate read times of 10 s, plasma flow rate of 
15 L/min, auxiliary flow rate of 1.5 L/min, and nebulizer flow rate of 0.9 L/min on a Vista 
Pro CCD Simultaneous ICP-OES manufactured by Varian. Raman spectra were acquired 
on a DXR Raman Microscope manufactured by Thermo Scientific equipped with a 532 
nm laser operating at 0.1 mW. 
Materials 
The material safety data sheet (MSDS) should always be referred to before 
conducting work with any of these reagents. Isophthaloyl chloride (99%) was obtained 
TCI America. Cysteamine hydrochloride (98%) and sodium hydroxide (NaOH) (extra 
pure) were obtained from Acros Organics. Triethylamine (99%), sodium selenite (99%), 
and dimethyl selenide (99%) were obtained from Sigma Aldrich. Sodium selenate 
(99.8%) was obtained from Alfa Aesar. BDTH2 was synthesized by a modification of a 
previous literature method83 through the condensation reaction of isophthaloyl chloride 
and cysteamine hydrochloride in the presence of triethylamine. Nitric acid (OmniTrace) 
and hydrochloric acid (reagent grade) were obtained from EMD. All solvents were 
obtained from Pharmco-AAPER and used as received. Water (18 MΩ·cm) was distilled 
and deionized. DMSO-d6 (99.9%) was obtained from Cambridge Isotopes Laboratories.  
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Synthesis 
BDT(S-Se-S) with Excess Selenite under Acidic Conditions. In 250 mL of DI H2O, 
there was dissolved 2.70 g (16 mmol) of sodium selenite, and the solution was brought 
to a pH of 1 with dilute HCl. In 250 mL of ethanol, there was dissolved 2.28 g (8 mmol) of 
BDTH2. The ethanol solution was slowly added in 10 mL aliquots to the selenite solution 
over the course of 10 min. Upon addition of the first aliquot, a pale yellow solid 
precipitated and began to agglomerate. After all the BDTH2 solution had been added, 
the solution was stirred for 2 h before filtering and washing the solid with 200 mL of 
water followed by 100 mL of acetone. The solid was allowed to air dry producing 2.7 g 
(92.5% based on mixture of BDT(S-Se-S) and BDT(S-S)) of a yellow solid. Mp: 160-195 oC 
(dec). TGA (N2, 10 oC/min): onset 260 oC and 80% weight loss at 550 oC. DSC (N2, 15 
oC/min): small endothermic peak (108.15 oC) and large exothermic peak (150.15 oC). IR 
(cm-1): 3293 (amide N-H), 3067 ( sp2 C-H), 2926 (sp3 C-H), 1638 (amide C=O), 1535 
(amide N-H), 699 (C-S). ICP-OES: S/Se ratio of 4:1.  77Se NMR δ (ppm): 675 (major peak) 
and 774 (minor peak). 13C NMR δ (ppm): 36.5, 37.0, 126.3, 128.4, 129.8, 134.5, 165.9.  
BDT(S-Se-S) with Excess BDTH2 under Acidic Conditions. In 75 mL of water, there 
was dissolved 0.153 g (0.89 mmol) of sodium selenite, and the solution was brought to a 
pH of 0.88 with dilute HCl. In 40 mL of ethanol, there was dissolved 0.50 g (1.76 mmol) 
of BDTH2. Upon addition of the ethanol solution to the selenite solution, a milky white 
solid formed. The solid agglomerated as a pale yellow solid after stirring for 2 min. After 
stirring for an additional 8 min, the solution was filtered, and the solid washed with 50 
mL of water followed by 50 mL of ethanol. The solid was dried under a stream of 
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nitrogen and then held under vacuum producing 0.493 g (87% based on mixture of 
BDT(S-Se-S) and BDT(S-S)) of a pale white-yellow solid. IR (cm-1): 3293 (amide N-H), 3063 
(sp2 C-H), 2918 (sp3 C-H), 1634 (amide C=O), 1527 (amide N-H), 687 (C-S). 77Se NMR δ 
(ppm): 677 (major peak) and 776 (minor peak). Elemental gray selenium was observed 
in the NMR tube at the end of the run. 
BDT(S-S) and Se(0) with BDTH2 in Ethanol at Ambient pH. In 25 mL of water, 
there was dissolved 0.32 g (1.85 mmol) of sodium selenite. In 25 mL of ethanol, there 
was dissolved 0.50 g (1.76 mmol) of BDTH2. Upon addition of the ethanol solution to the 
selenite solution, the solution became maroon colored. After a few seconds, a 
noticeable amount of solid began precipitating. The solution was allowed to stir an 
additional 24 h before being filtered, and the solid washed with 150 mL of water 
followed by 100 mL of ethanol. The purple solid was dried in air to produce 0.50 g of a 
mixture of elemental selenium and BDT(S-S). 
BDT(S-S) and Se(0) with BDTH2 as Solid at Ambient pH. In 50 mL of water, there 
was dissolved 0.33 g (1.90 mmol) of sodium selenite. To the stirring selenite solution, 
there was added 0.51 g (1.79 mmol) of BDTH2. After a few seconds, the solution turned 
light red. The solution was allowed to stir an addition 24 h before being filtered, and the 
solid washed with 150 mL of water followed by 100 mL of ethanol. The red solid was 
dried in air to produce 0.53 g of a mixture of elemental selenium and BDT(S-S). 
BDT(S-S) and Se(0) with BDTH2 in Ethanol at Basic pH. In 130 mL of water, there 
was dissolved 1.07 g (6.19 mmol) of sodium selenite and the solution brought to a pH of 
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10 with a dilute sodium hydroxide solution. In 100 mL of ethanol, there was dissolved 
0.44 g (1.55 mmol) of BDTH2. The ethanol solution was added in 10 mL aliquots to the 
selenite solution over the course of 10 min. After stirring the solution became red 
indicating the presence of elemental selenium. 
Isolation of Pure BDT(S-S) from BDT(S-Se-S) and BDT(S-S) Mixture. In 5 mL of 
DMSO, there was dissolved 0.118 g of BDT(S-Se-S) and BDT(S-S) mixture. 5 mL of 6 M 
NaOH was added to the DMSO solution resulting in a colorless bottom layer and red top 
layer. The bottom layer was removed and the red layer centrifuged for 5 min at 8000 
rpm. After decanting the red supernatant, the yellow/white precipitate was suspended 
in 5 mL of water. To this suspension, there was added 1 drop of 6 M NaOH, 5 drops of 
1,3-diaminopropane, and the solution centrifuged for 5 min at 8000 rpm. After 
repeating several times, the precipitate was washed with 5 ml of water, 5 mL of ethanol, 
and 5 mL of ether. After drying under a stream of nitrogen, a white solid was obtained. 
Mp: 180-190 oC. Raman (cm-1): 3304 (amide N-H), 3073 (sp2 C-H), 2922 (sp3 C-H), 1642 
(amide C=O), 1555 (amide N-H), 660 (C-S), 511 (S-S). IR (cm-1): 3238 (amide N-H), 3065 
(sp2 C-H), 2916 (sp3 C-H), 1636 (amide C=O), 1533 (amide N-H), 686 (C-S). 
BDTH2 with Selenate Under Acidic Conditions. In 50 mL of water, there was 
dissolved 0.335 g (1.77 mmol) of sodium selenate and the solution brought to a pH of 1 
with dilute HCl. To the selenate solution, there was added 0.251 g (0.88 mmol) of 
BDTH2. After stirring for 24 h, the solution was filtered, and the isolated solid was 
characterized to be unreacted BDTH2. 
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BDTH2 with Selenate Under Ambient Conditions. In 25 mL of water, there was 
dissolved 0.041 g (0.21 mmol) of sodium selenate. To the selenate solution, there was 
added 0.251 g (0.88 mmol) of BDTH2. After stirring for 24 h, the solution was filtered, 
and the isolated solid was characterized to be unreacted BDTH2.  The filtrate was 
divided into three aliquots. One was made basic with NaOH, one was made acidic with 
HCl, and one left unaltered. When cysteamine was added to the aliquots, no elemental 
Se precipitation was observed. 
2.3. Results and Discussion 
 
 In the beginning stages of investigating the interaction of BDTH2 with selenite, it 
was believed that the red precipitate formed during the simple addition of BDTH2 to an 
aqueous selenite solution under ambient conditions was a stable BDT-Se precipitate. 
The mass spectrum (MS) (Figure 2.2) of the red precipitate has characteristic isotopic 
peaks associated with Se and the peak at 396 was believed to correspond to the 
structure BDT-(S-(Se(OH)2)-S) (Figure 2.3). The IR spectrum is similar to BDTH2 but does 
not contain the S-H peak, indicating bonding to Se through the thiol groups. In addition 
to the MS data, the proposed structure was based on two assumptions. First, that there 
had been no reduction of Se(IV) in the reaction and the final product contained Se(IV). 
Second, that Se(IV) behaved similarly to As(III) in the literature,84 where As(III) combined 
with phytochelatins contained the RS-(As(OH)-SR moiety (Figure 2.4). The higher 
oxidation state of Se(IV) compared to As(III) would require an additional hydroxyl group 
bound to the Se(IV) center. 
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Figure 2.2. Mass spectrum of red precipitate from combination of BDTH2 with aqueous 
selenite under ambient conditions 
 
Figure 2.3. Structure of the compound incorrectly believed to be BDT-Se precipitate 
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Figure 2.4. Simplified structure of phytochelatin with As(III) showing S-(As(OH))-S moiety 
(Figure adapted from Ref. 84) 
 While searching the literature for compounds containing the S-(Se(OH)2)-S 
moeity, which was found not to exist, literature reports on the interaction of thiols with 
selenite were found. The proposed structure (Figure 2.3) was eventually disproven after 
the findings in the literature75,76 were taken into account, and the MS and IR data were 
reevaluated. Given that the most abundant isotope of Se is 80Se, the peaks in the MS 
(Figure 2.1) at 80, 160, 238, 318, and 396 m/z were determined to be Se, Se2, Se3, Se4, 
and Se5 fragments, respectively. These fragments formed during the ionization of 
elemental Se, which was believed to be the BDT-Se compound. The IR spectrum that is 
similar to BDTH2 with the absence of the S-H peak is attributed to the disulfide, BDT(S-
S), which coprecipitated with the elemental Se. These observations determined that 
combination of BDTH2 with aqueous selenite under ambient conditions forms a mixture 
of elemental Se and the disulfide BDT(S-S), which is consistent with the literature.75, 76   
 After confirming that the addition of BDTH2 to selenite under ambient conditions 
did not produce the anticipated BDT-Se product, a reaction under carefully controlled 
conditions was developed to synthesize and isolate BDT(S-Se-S). The reaction under 
controlled conditions was conducted by the slow addition of an ethanol solution of 
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BDTH2 to 2 equivalents of selenite in acidic media (pH=1) to obtain a yellow mixture of 
BDT(S-Se-S) and BDT(S-S). 
 Attempts to isolate BDT(S-Se-S) from the mixture proved to be unsuccessful due 
to the unstable nature of BDT(S-Se-S). While several washes with organic solvents 
(ethanol, acetonitrile, and ethyl acetate) lowered the decomposition point onset about 
10 oC and reduced the decomposition range about 30 oC, indicating increased purity, it 
was unable to isolate pure BDT(S-Se-S). Attempts to separate the mixture by column 
chromatography could not be attempted since the only solvents the mixture was soluble 
in were pyridine and DMSO, which eventually deposited elemental Se upon dissolution.  
 After attempts to isolate pure BDT(S-Se-S) failed, the mixture was characterized 
by several methods to prove that the mixture consisted of BDT(S-Se-S) and BDT(S-S). In 
an attempt to obtain a Raman spectrum of the mixture to identify peaks consistent with 
S-Se bonding, the sample burned and did not produce a spectrum, which further 
exemplifies the unstable nature of BDT(S-Se-S). The IR spectrum, which does not 
provide any information that directly indicates the presence of BDT(S-Se-S), does not 
contain the S-H peak found in BDTH2, which indicates that the thiol groups are most 
likely involved in bidentate binding to Se in BDT(S-Se-S) and disulfide binding in BDT(S-
S). 
 The DSC of the mixture shows a large endothermic peak at 150.15 oC, which is 
fairly close to the onset of decomposition (160 oC) determined visually with a melting 
point apparatus. The TGA has a weight loss of 80% at 550 oC. Being above the boiling 
37 
 
point of S and below the boiling point of Se, the residue remaining at 550 oC most likely 
consists of a mixture of elemental Se and mixed polymers containing –S-Se- linkages. 
 ICP-OES analysis was conducted to determine the S:Se ratio. Table 2.1 shows the 
raw ICP-OES data. Table 2.2 shows the conversion of raw data to S:Se ratio. The S:Se 
ratio for both samples is 4:1. From the ICP-OES data, it is determined that the mixture 
contains roughly equal amounts of BDT(S-Se-S) and BDT(S-S). While ICP-OES confirms 
the mixture contains both BDT(S-Se-S) and BDT(S-S), it does provide any structural 
information for the Se-containing compound. Figure D shows some of the possible Se-
containing products. 
Table 2.1. Raw S:Se ICP-OES data 
Sample Labels S 180.669 S 181.972 Se 196.026 Se 203.985 Y 371.029 
sample 41.3458 40.3877 24.8808 24.2644 0.985198 
duplicate sample 40.4633 39.6436 24.3848 23.8507 0.9941 
 
Table 2.2. Conversion of raw data to S:Se ratio 
Sample Labels Avg µg S Avg µg Se mol S mol Se mol S/mol Se 
sample 2.043338 1.22863 0.063723 0.01556 4.095258697 
duplicate sample 2.002673 1.205888 0.062455 0.015272 4.089455553 
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Figure 2.5. Structures of potential BDT-Se species 
NMR proved to be the most powerful tool in elucidating the structure of the Se-
containing product. The 1H NMR spectrum of the mixture contains too many 
overlapping peaks to make any assignments.  The 13C NMR spectrum consists of sharp 
peaks at 126.3 ppm, 128.4 ppm, 129.8 ppm, and 134.5 ppm corresponding to the 
carbons of the aromatic ring. A peak at 165.9 ppm corresponds to the carbonyl carbons. 
The peaks 36.5 ppm and 37.0 ppm for the aliphatic region are slightly wider than the 
peaks for the aromatic region. This broadening is attributed to the sample being a 
mixture, where the aliphatic carbons near the Se center have a slightly different 
chemical shift than the aliphatic carbons near the disulfide center. The presence of only 
two resonances in the aliphatic region demonstrates that the Se containing compound is 
symmetrical, which rules out the possibility of the oxygen-inserted product BDT(S-O-Se-
S) (c in Figure 2.5). 
With the 13C NMR spectrum ruling out the oxygen-inserted compound (c in 
Figure D), it was still unclear if the Se containing compound was BDT(S-Se-S) (a in Figure 
2.5) or BDT(S-(S=O)-S) (b in Figure 2.5). With 77Se being NMR active, a 77Se NMR 
spectrum was obtained (Figure E). The small peak at 774 ppm which did not start 
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appearing until halfway through the run corresponds to hexagonal elemental Se. Due to 
the tendency of DMSO to coordinate Se, this peak is shifted 20 ppm from that for 
hexagonal elemental Se in the solid-state 77Se NMR (794 ppm).85 The fact that gray 
elemental Se was visible in the NMR tube at the end of the run further confirms this 
assignment. 
The most useful data for identifying the BDT-Se product was the 77Se NMR peak 
at 675 ppm. The possibility of the tetravalent BDT(S-(Se=O)-S) (b in Figure 2.5) could be 
ruled out since the 77Se NMR chemical shift for compounds containing R-(Se=O)-R are 
above 800 ppm.86  In the literature, the selenides bis(cysteamine)selenide and 
bis(cysteine)selenide have 77Se NMR chemical shifts of 653 ppm and 687 ppm, 
respectively.79 Since cysteamine is used to form the thiol containing arms of BDTH2, its 
chemical shift should be fairly similar. The chemical shift for BDTH2 falls in between the 
two selenides found in the literature. Furthermore, a computational study gave a 77Se 
NMR chemical shift of 676.8 ppm for BDT(S-Se-S),73 which is almost identical to the 
experimentally obtained chemical shift of 675 ppm. The 77Se NMR confirmed that the 
mixture contains the selenide, BDT(S-Se-S) (a in Figure 2.5). Scheme 2.4 shows the 
reaction and conditions to form the mixture of BDT(S-Se-S) and BDT(S-S). 
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Figure 2.6. 77Se NMR spectrum of mixture 
 
Scheme 2.4. Reaction of BDTH2 with selenite to form mixture of BDT(S-Se-S) and BDT(S-
S) 
 While the two components of the mixture could not be separated and 
individually characterized, from the characterization data and literature precedent, it is 
reasonable to assume that the mixture contains the selenide, BDT(S-Se-S), and disulfide, 
BDT(S-S). However, previous reports have indicated that the disulfide, BDT(S-S), does 
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not form.60 If the existence of BDT(S-S) could be confirmed, then it would further 
support that the mixture contains BDT(S-Se-S) and BDT(S-S).  
To isolate BDT(S-S), the mixture was first dissolved in DMSO, and then aqueous 
NaOH was added to decompose BDT(S-Se-S) present in the mixture. 1,3-
diaminopropane was added to the mixture to solubilize elemental Se, and the solution 
was centrifuged. This process was repeated several times until a white precipitate and 
clear supernatant were obtained. The decomposition point of the isolated solid was 
180-190 oC. The Raman spectrum of BDTH2 (top spectrum in Figure 2.7) has a large S-H 
peak at 2563.59 cm-1. In the Raman spectrum of the isolated white solid (bottom 
spectrum in Figure 2.7), the peak at 2563.59 cm-1 is absent, and there is a peak at 513.48 
cm-1 for S-S, which is very similar to that found for cysteamine disulfide (510 cm-1),87 
confirming the isolated solid is BDT(S-S). 
 
Figure 2.7. Raman spectra of BDTH2 (top) and BDT(S-S) (bottom) 
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No reaction occurred when BDTH2 was combined with selenate. After stirring for 
24 hr, the isolated solid was characterized to be unreacted BDTH2. A simple test was 
performed to determine if selenate had possibly been reduced to selenite. Cysteamine, 
which is known to precipitate elemental Se when combined with selenite,79 was added 
to aliquots of the filtrate that had been made acidic and basic. No elemental Se 
precipitation was observed, confirming selenate had not been reduced to selenite in the 
reaction. 
 The lack of reactivity can best be explained with the hard-soft acid-base theory. 
While selenite is a soft acid and prefers interaction with the soft thiol groups of BDTH2, 
selenate is a hard acid which makes interactions with the soft thiol groups unfavorable. 
It can also be argued that selenate exists as a charged species in aqueous solutions. 
Even below pH 2, it exists as the anion [HSeO4]-.88 The electrostatic repulsion between 
the negative charge of [HSeO4]- and the thiols could be strong enough to prevent 
nucleophilic attack.  
2.4. Conclusions 
  
In order to obtain BDT(S-Se-S) along with BDT(S-S), BDTH2 must be combined 
with excess selenite under acidic conditions (pH = 1) (Scheme 2.4). This follows the same 
trend for monothiols with selenite in the literature and is supported by the 
characterization data. The experimental 77Se NMR chemical shift (675 ppm) is almost 
identical to the calculated chemical shift (677 ppm), confirming that the Se-containing 
product is the selenide BDT(S-Se-S). BDT(S-S), which was identified for the first time in 
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this work, was found to coprecipitate with BDT(S-Se-S). The highly controlled conditions 
for obtaining the BDT(S-Se-S) precipitate limit the utility of BDTH2 as a sequestration 
agent for selenite by forming a BDT(S-Se-S) precipitate. 
If BDTH2 is combined with selenite under ambient or basic conditions, then red 
elemental Se is precipitated along with BDT(S-S). While this could be used to remove 
selenite from water through the formation of insoluble elemental Se, the elemental Se 
produced is fairly colloidal and does not filter easily. Furthermore, it would be cheaper 
to add a simple monothiol, such as cysteamine, to precipitate elemental Se. 
 BDTH2 does not react with selenate and is recovered as unreacted BDTH2 
without reducing selenate to selenite. This is not surprising based on hard-soft acid-base 
theory and the fact that selenate exists as a charged species even at a pH less than 2. 
Furthermore, previous work found BDTH2, which reacts with arsenite, does not react 
with arsenate.60  
This work also demonstrates the power of 77Se NMR (experimental and 
computational) to help solve the structure of a component of a mixture that is difficult 
to characterize by other techniques. 
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Chapter 3 Interaction of Cysteine with Cadmium 
 
3.1. Introduction 
 
The knowledge of Cd handling in cells by LMW proteins, such as absorption, 
distribution, and elimination is lacking, and a number of hypotheses have been 
proposed.25 When testing these hypotheses, it has been indicated that MTs play a role 
in Cd transport and detoxification.28 MTs are LMW proteins that contain about 61 amino 
acids.28 Cysteine (CysH) makes up 20 of the 61 amino acid residues, which can 
coordinate 7 moles of Zn or Cd per mole of MT.28 Given that MT has been shown to be 
pivotal in the transport and toxicity of Cd,28 in which over 30% of the protein consists of 
CysH, it is surprising that there are a lack unambiguously determined structures for Cd-
cysteinate (Cd-Cys). 
More importantly, in relation to this work, transport of Cd in the body also 
depends on other LMW thiol compounds, such as glutathione (GSH) and CysH, but is not 
well understood and based on relations to better-understood paths with Hg.25,89,90 
Figure 3.1 shows the proposed mechanism for Cd handling in the lumen and proximal 
tubular epithelial cells. The dotted lines represent pathways that are not well 
understood, and the solid lines represent pathways that have experimental evidence 
supporting them.25 
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Figure 3.1. Proposed model for Cd handling by LMW thiols (Figure adapted from Ref. 25) 
Step 1 in Figure 3.1 involves Cd bound to GSH (GSH-Cd-GSH) where cleavage of 
glutamic acid (Glu), by the enzyme gamma-glutamyltransferase, delivers Glu into the cell 
and generates a cysteinylglycine S-conjugate of Cd (Gly-Cys-Cd-Cys-Gly) in the lumen. In 
step 2, glycine (Gly) is cleaved from Gly-Cys-Cd-Cys-Gly by the enzyme cysteinylglycinase 
delivering Gly into the cell and generating a Cys S-conjugate of Cd (Cys-Cd-Cys).25 In step 
3, Cys-Cd-Cys is transported into the cell by amino acid transporters present in the 
luminal plasma membrane. Step 3 is based on evidence that amino acid transporters are 
responsible for uptake of Cys conjugates of Hg (Cys-Hg-Cys).25,90 After transport to the 
cell, free Cd is displaced from Cys-Cd-Cys in step 4. The remaining steps, 5 and 6, have 
sufficient evidence to support the pathways, which were introduced in Chapter 1. In 
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step 5, Cd induces production of MT in MT genes, which help protect against Cd toxicity 
by binding of Cd to the produced MT (step 6).25 Once bound to MT, Cd is transported 
throughout the body, which was discussed in Chapter 1. 
Prior to this work, there has only been one crystal structure reported for Cd-
Cys.91 Furthermore, in the structure previously determined,91 as well as the one 
reported in this work, the Cd:Cys ratio is 1:1. However, most reports discussing Cd 
handling in cells describe Cd combined with Cys as Cd(Cys)2 without structural 
evidence.25 Most of the studies have focused on Cd handling at the cellular level. It is 
possible that investigating the interaction of Cd with thiols at the molecular level could 
help build the understanding of Cd handling and transport at the cellular level. 
Rebilly et al.91 isolated Cd(Cys) from the reaction of Cd(NO3)·4H2O and CysH in a 
roughly 1:1 ratio in a methanol/water mixture. When the reactants were held at 80 oC 
for 24 h, after the pH was adjusted to 5.85 with NaOH, they isolated microcrystalline 
Cd(Cys). Single crystals of Cd(Cys) were produced alongside a yellow impurity when the 
reactants were held at 100 oC for 18 hr in the presence of NaHCO3. Figure 3.2 shows the 
determined crystal structure for Cd(Cys), viewed along the a, b, and c axes. The 
experimental EA values for the microcrystalline Cd(Cys) are in good agreement with the 
calculated values. Furthermore, the powder XRD pattern for the microcrystalline Cd(Cys) 
matches the predicted pattern generated from the crystal structure. This was the first 
and only crystal structure reported for a compound containing the Cd-Cys unit. 
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Figure 3.2. Cd(Cys) packing with hydrogens omitted (Redrawn in Mercury from Ref. 91) 
a) along a-axis, b) along b-axis, and c) along c-axis 
While there is a lack of unambiguously determined structures containing the Cd-
Cys unit, there have been several reports over the past 50 years that use various 
characterization methods to propose structures for the Cd-Cys unit.92-96 
 In 1993 Barrie et al.93 isolated an amorphous white solid from the reaction of 
cadmium acetate and CysH in a 1:1 ratio in water. The product, which was proposed to 
be Cd(Cys)2, was characterized by EA, DSC, IR, and solid-state 113Cd NMR. The IR 
spectrum indicated the lack of H2O and the authors claimed that the broad peaks were 
indicative of NH3+, which confirmed the amine group of Cys was protonated and not 
involved in coordination to the Cd center. DSC also shows a lack of H2O and the first 
transition observed is the decomposition point at 221.1 oC. The EA experimental values 
for C, H, N, and Cd are in fairly good agreement with the calculated values. In the 113Cd 
NMR, a well-defined chemical shift at 402.5 ppm is in the region that signifies the 
thiolate group of Cys is bound to Cd. Furthermore, this value is in the range of for 
compounds with Cd(3S, 3O) coordination environment, indicating coordination is 
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dominated by oxygen and sulfur ligands. Additionally, the chemical shift range for 
compounds containing Cd(4S) coordination environment is 495-660 ppm, which is 
further evidence that the oxygens of the Cys carboxylate groups are involved in 
coordination to the Cd center. From the characterization data, they proposed two 
possible polymeric structures (Figure 3.3).93 
 
Figure 3.3. Proposed structures for Cd(Cys)2 by Barrie et al.93 (a) simple structure and (b) 
stepped chain structure 
 In 2004 Faget et al.92 isolated a solid from the reaction of cadmium chloride and 
CysH in a 1:1 ratio in water at 50 oC that was then adjusted to pH ~ 4.9 with KOH. The 
product, which was proposed to be [Cd(Cys)Cl2]K, was characterized by EA, TGA, IR, and 
Raman. The EA experimental values for H, N, O, and Cl are in fairly good agreement with 
the calculated values, while the values for C, S, and Cd deviate slightly. Their analysis of 
the TGA graph, which was not shown, is questionable. In the temperature range of 20-
300 oC, there was a weight loss of 11.6%, which the authors attributed to the loss of K 
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fragments. This weight loss of 11.6% is very close to the calculated K% (11.41%) from 
the molecular formula, indicating that K would have been lost as elemental K, which has 
a boiling point well above 300 oC. While there seem to be discrepancies in the EA and 
TGA data, the data used to arrive at the structure of the Cys containing unit was mainly 
experimental IR and Raman spectra combined with DFT calculations. From this data, 
they proposed a structure for the monomeric [Cd(Cys)Cl2]- anion (Figure 3.4).92 
 
Figure 3.4. Proposed structure for [Cd(Cys)Cl2]- anion by Faget et al.92 
 In 2009 Jalilehvand et al.96 formed two compounds that were proposed to 
contain the Cd(Cys)2 unit. The combination of cadmium acetate and CysH in a 1:2 ratio 
in water produced Cd(Cys)2·H2O. Using the same synthesis with cadmium perchlorate 
instead of cadmium acetate produced [Cd(Cys)2·H2O]·H3O+ClO4-. The products were 
exhaustively characterized by IR, Raman, 113Cd and 13C NMR, EXAFS, XANES, DSC, and 
TGA. The IR and Raman spectra of the two compounds are almost identical. However, 
the spectra for [Cd(Cys)2·H2O]·H3O+ClO4- shows additional bands for the presence of 
ClO4-. For both compounds, the IR and Raman spectra indicate bonding to Cd through 
the thiolate group of Cys, a protonated amine group that is not involved in coordination 
to the Cd center, and either monodentate or highly asymmetrical bidentate carboxylate 
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binding. The 113Cd NMR, K-edge EXAFS, and L3-edge XANES data for both compounds are 
nearly identical and suggests the same local structure around Cd. The EXAFS data for 
both suggests slightly distorted Td geometry with CdS3O coordination. The 113Cd NMR 
spectra for both have a broad chemical shift centered around 650 ppm, which is 
consistent with CdS4 and CdS3O coordination environments. They found that the second 
derivative of the Cd L3-edge XANES spectra for both compounds were more similar to 
standard compounds with CdS3O coordination than those with CdS4 coordination. The 
combined characterization data suggests that CdS4 coordination environments are 
present but that the structures are dominated by CdS3O coordination environments. 
From all the characterization data they arrived at three possible cage type structures for 
the Cd(Cys)2 unit (Figure 3.5), which all display bridging thiolate groups with 
monodentate carboxylate coordination.96 
 
Figure 3.5. Possible structures containing Cd-Cys unit proposed by Jalilehvand et al.96 
 In 2013 Parsons et al.95 synthesized a series of compounds by changing the ratio 
of CysH to cadmium nitrate. When combining cadmium nitrate and CysH hydrochloride 
in methanol, a 1:2 combination produced a white powder, a 1:4 combination produced 
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a viscous liquid, and a 1:6 combination produced needle-like crystals. The 1:2 and 1:4 
combinations produced amorphous compounds, while the crystalline product from the 
1:6 combination produced an XRD pattern that indicated a monoclinic unit cell. The IR 
spectra for all the products are almost identical. The Cd K-edge spectra are also identical 
and have the same inflection point as the CdS model, indicating bonding to Cd by the 
thiolate group of Cys. The EXAFS data shows differences for each of the combination 
ratios. The EXAFS spectrum of the 1:2 combination indicates terminal and bridging Cys 
ligands. The EXAFS spectrum also indicates Cd-Cd interactions at an interatomic distance 
of 3.98 Å. The EXAFS spectrum of the 1:4 combination did not show any evidence of Cd-
Cd interactions and suggested coordination by four equally spaced Cys ligands. The 
EXAFS spectrum of the 1:6 combination also shows four Cd-S bonds, as well as two 
distinct Cd-Cd interactions, which indicate a cluster type compounds. Figure 3.6 shows 
the proposed structures for the products from the three different combination ratios.95 
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Figure 3.6. Proposed structures for different combination ratios of Cd:CysH by Parsons 
et al.95 (a) 1:2, (b) 1:4, and (c) 1:6 
 This review of the literature, in regards to the research presented in this chapter, 
would not be complete without mentioning the work of Shindo and Brown in 1965.94 
They combined CysH and cadmium chloride in a 1:1 ratio in water and isolated a 
compound containing the Cd-Cys unit. The EA experimental values are in good 
agreement with the calculated values for the proposed formula 
C12H24N4S4O8Cl4Cd4·4H2O. However, dividing this formula by 4 gives the empirical 
formula C3H6NSO2ClCd·H2O, which can be represented as Cd(Cys)Cl·H2O. They attributed 
the peak at 252 cm-1 in the IR spectrum to the presence of CdCl42-. From the combined 
EA and IR data, they proposed the structure [Cd{Cd(SCH2CHNH3CO2)2}2][CdCl4]. Figure 
3.7 shows the [Cd{Cd(Cys)2}2] polynuclear cation from their proposed structure. 
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Figure 3.7. Proposed structure for cationic portion containing Cd-Cys unit by Shindo and 
Brown94 
The work by Shindo and Brown94 most closely relates to the majority of the 
research presented in this chapter. Making comparisons between the other literature 
mentioned and the research presented in this work would be difficult because the Cd 
precursor is not cadmium chloride93,95,96 or the product is isolated after altering the 
pH.92 Although Cd-Cys compounds prepared with cadmium bromide, cadmium nitrate, 
and cadmium acetate will be discussed in this chapter, the majority of data obtained is 
from the combination of CysH and cadmium chloride in water (pH~2).  
This chapter will address some of the factors such as pH of the final solution, 
concentrations of Cd(II) and CysH used, and the counterion of the Cd salt used that 
influence the structures of the compounds formed when Cd(II) is combined with CysH. 
Furthermore, this chapter will demonstrate the power of modern X-ray crystallography 
in unambiguously determining the structure of Cd(Cys)Cl·H2O, which corrects the 
structure proposed in 1965 by Shindo and Brown.94 
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3.2. Experimental 
 
 Methods 
A NICOLET 6700 FT-IR manufactured by Thermo Scientific was used to acquire IR 
spectra (16 scans, 4 cm-1 resolution). A TGA Q5000 manufactured by TA Instruments was 
used to acquire TGA data. A DSC Q20 equipped with Refrigerated Cooling System 90 
manufactured by TA Instruments was used to acquire DSC (Nitrogen, Ramp: 10oC/min) 
data. A Brunker-AXS D8 Discover Diffractometer with Cu Kα radiation was used to 
acquire powder X-ray diffraction (XRD) data. A Nonius KappaCCD unit with Mo Kα 
radiation was used to acquire single crystal X-ray data. A DXR Raman Microscope 
manufactured by Thermo Scientific was used to acquire Raman spectra using 532 nm 
radiation at 0.1 mW power with two exposures at 15 sec exposure times. A Vista Pro 
CCD Simultaneous Inductively Coupled Plasma Optical Emission Spectrometer 
manufactured by Varian was used to acquire ICP-OES data (1.2 KW, 10 sec replicate read 
time, 0.9 L/min nebulizer flow, 1.5 L/min auxiliary flow, and 15 L/min plasma flow).  
Materials 
The MSDS should always be referred to before conducting work with any of 
these reagents. All solvents were purchased from PHARMCO-AAPER and used as 
received. Water (18 MΩ cm) was obtained in-house. Hydrochloric acid (37%) was 
purchased from EMD and used as received.  L-cysteine (97%), sodium hydroxide (>97%), 
cadmium bromide tetrahydrate(98%), cadmium nitrate tetrahydrate(98%), cadmium 
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sulfate(99%), and cadmium chloride hemipentahydrate (79.5-81.0% cadmium) were 
purchased from Sigma-Aldrich and used as received.  
Synthesis 
Dissolution of CdS. In concentrated HCl (10 mL) there was dissolved 1.045 g (7.2 
mmol) CdS, synthesized by a previous method,97 resulting in the evolution of H2S gas. The 
solution was diluted to 40 mL with DI H2O after about 2 min when no visible CdS remained. 
The H2S gas generated was removed by bubbling nitrogen through the solution for 24 hr.  
The highly acidic solution was then neutralized by the slow addition of 2.97 g of NaOH. A 
Cd(II) stock solution (144 mM Cd(II)) was prepared by filtering the solution through a 2 
µm filter and diluting to 50 mL with DI H2O. 
Cd(Cys)Cl·H2O (1a) Isolation by Precipitation of Cd(II) with CysH. In 10 mL DI H2O 
there was dissolved 0.873 g (7.2 mmol) of L-cysteine. The L-cysteine solution was then 
added to 25 mL of the 3.6 mmol Cd(II) stock solution (3.6 mmol Cd(II)) prepared 
previously. A white precipitate was formed upon the addition of 0.402 g of NaOH. The 
solution was stirred for 30 min before adding 25 mL of 200 proof EtOH. The solution was 
stirred an additional 5 min before the white solid was filtered, washed with 200 proof 
EtOH, and dried to give 0.422 g of Cd(Cys)Cl·H2O (1a) (yield = 41.1%). IR (cm-1): 3425 
(broad) [m, ν H2O], 3061 (broad) [vs, νa NH3+], 2989 [sh, νa CH2], 1590 [vs, νa COO-], 1485 
[vs, δs NH3+], 1401 [s, νs COO-], 1342 [m, ω CH2], 1299 [m, δ CH], 1127 [w, ρ NH3+]. DSC: 
Exothermic transition 209.91 oC (decomposition). 
Cd(Cys)Cl·H2O Single Crystal (1b) Growth. The solvent was removed under vacuum 
from the filtrate produced above, and the residual solid was dissolved in 50 mL  DI H2O 
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giving a solution having a pH = 2. Colorless block crystals of Cd(Cys)Cl·H2O (1b) were 
isolated after the solution was left undisturbed for four days at room temperature. IR (cm-
1): 3422 [s, ν H2O], 3341 [s, νa NH3+], 3176 [s, νa NH3+] 2987 [s, νa CH2], 1587 [vs, νa COO-], 
1484 [vs, δs NH3+], 1407 [s, νs COO-], 1340 [m, ω CH2], 1282 [m, δ CH], 1129 [w, ρ NH3+]. 
DSC: Endothermic peak 181.68 oC (dehydration). Exothermic peak 211.09 oC 
(decomposition). Crystal structure will be discussed later. 
Crystalline Cd(Cys)Cl·H2O (1c) Using 2:1 CysH:CdCl2. In 25 mL of DI H2O, there was 
dissolved 1.008 g (4.4 mmol) of CdCl2·2.5H2O. This solution was mixed with a 25 mL 
solution of 1.057 g (8.7 mmol) of L-cysteine in DI H2O. Upon mixing a white precipitate 
formed. After stirring for 1 hr, there was added 25 mL of 200 proof EtOH. After stirring an 
additional 5 min, the white solid was filtered, washed with 10 mL of DI H2O, 10 mL of 200 
proof EtOH, and 10 mL of ether. After drying in an oven at 60 oC, there was produced 
0.950 g of Cd(Cys)Cl·H2O (1c) (yield = 76.3%). IR (cm-1): 3427 [m, ν H2O], 2989 [sh, νa CH2], 
1589 [vs, νa COO-], 1486 [vs, δs NH3+], 1405 [s, νs COO-], 1341 [m, ω CH2], 1283 [m, δ CH], 
1127 [w, ρ NH3+]. DSC: Endothermic peak 176.50 oC (dehydration). Exothermic peak 
204.06 oC (decomposition). TGA: 6.59% for H2O. 
Crystalline Cd(Cys)Cl·H2O (1d) Using 1:1 CysH:CdCl2. In 25 mL of DI H2O, there was 
dissolved 1.002 g (4.4 mmol) of CdCl2·2.5H2O. This solution was mixed with a 25 mL 
solution of 0.530 g (4.4 mmol) of L-cysteine in DI H2O. Upon mixing a white precipitate 
formed. After stirring for 1 hr, there was added 25 mL of 200 proof EtOH. After stirring an 
additional 5 min, the white solid was filtered, washed with 10 mL of DI H2O, 10 mL of 200 
proof EtOH, and 10 mL of ether. After drying in an oven at 60 oC, there was produced 
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0.482 g of Cd(Cys)Cl·H2O (1d) (yield = 38.4%). IR (cm-1): 3429 [m, ν H2O], 2989 [sh, νa CH2], 
1589 [vs, νa COO-], 1486 [vs, δs NH3+], 1404 [s, νs COO-], 1341 [m, ω CH2], 1283 [m, δ CH], 
1126 [w, ρ NH3+]. Raman (cm-1): 238 [Cd-S], 176 [Cd-Cl]. DSC: Endothermic peak 177.30 oC 
(dehydration). Exothermic peak 208.63 oC (decomposition). TGA: 6.31% for H2O. 
Amorphous Cd(Cys)Cl·H2O (1e) Using 2:1 CysH:CdCl2. In 25 mL of DI H2O, there was 
dissolved 1.013 g (4.4 mmol) of CdCl2·2.5H2O. This solution was mixed with a 25 mL 
solution of 1.068 g (8.8 mmol) of L-cysteine in DI H2O. Upon mixing a white precipitate 
formed. After stirring for 1 hr, there was added 25 mL of 200 proof EtOH. After stirring an 
additional 5 min, the white solid was filtered, washed with 10 mL of DI H2O, 10 mL of 200 
proof EtOH, and 10 mL of ether. After drying under vacuum, there was produced 0.408 g 
of Cd(Cys)Cl·H2O (1e) (yield = 32.5%). IR (cm-1): 1606 [vs, νa COO-], 1479 [vs, δs NH3+], 1400 
[s, νs COO-], 1342 [m, ω CH2], 1299 [m, δ CH], 1126 [w, ρ NH3+]. DSC: Exothermic peak 
207.98 oC (decomposition). TGA: 6.23% for H2O. 
Amorphous Cd(Cys)Cl·H2O (1f) Using 1:1 CysH:CdCl2. In 25 mL of DI H2O, there was 
dissolved 1.017 g (4.5 mmol) of CdCl2·2.5H2O. This solution was mixed with a 25 mL 
solution of 0.540 g (4.5 mmol) of L-cysteine in DI H2O. Upon mixing a white precipitate 
formed. After stirring for 1 hr, there was added 25 mL of 200 proof EtOH. After stirring an 
additional 5 min, the white solid was filtered, washed with 10 mL of DI H2O, 10 mL of 200 
proof EtOH, and 10 mL of ether. After drying under vacuum, there was produced 0.317 g 
of Cd(Cys)Cl·H2O (1f) (yield = 24.4%).  IR (cm-1): 1606 [vs, νa COO-], 1477 [vs, δs NH3+], 1399 
[s, νs COO-], 1342 [m, ω CH2], 1300 [m, δ CH], 1126 [w, ρ NH3+]. DSC: Exothermic peak 
210.23 oC (decomposition). TGA: 5.95% for H2O. 
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Replication of Shindo and Brown94 Synthesis (1g). In 15 mL of 60 oC DI H2O, there 
was dissolved 2.28 g (10 mmol) of CdCl2·2.5H2O. This solution was then mixed with a 25 
mL solution of 1.23 g (10 mmol) of L-cysteine in DI H2O at 60 oC. Upon mixing a white 
precipitate formed. After stirring 2 hr, the solution was filtered, washed with 3 x 10 mL DI 
H2O, 2 x 10 mL 200 proof EtOH, and dried under vacuum over anhydrous CaCl2 to produce 
1g. 
Cd-Cys (2) Using 1:1 CysH:CdBr2. In 50 mL of DI H2O, there was dissolved 1.004 g 
(8.3 mmol) of L-cysteine. A white precipitate quickly formed upon addition of 2.860 g (8.3 
mmol) of CdBr2·4H2O as a solid. After stirring 24 hr there was added 25 mL of 200 proof 
EtOH. After stirring an additional 5 min the solid was filtered, washed with 10 mL of DI 
H2O, 10 mL of 200 proof EtOH, and 10 mL of ether. After drying in an oven at 80 oC there 
was produced 1.763 g of Cd-Cys (2). IR (cm-1): 3426 [m], 3353 [m], 3163 [m], 2982 [m], 
1589 [s], 1481 [vs], 1436 [m], 1408 [m], 1339 [m], 1282 [m], 1094 [w], 888 [m]. Raman 
(cm-1): 231 [Cd-S], 169 [Cd-Br]. DSC: Endothermic peak 180.49 oC (dehydration). 
Exothermic peak 208.98 oC (decomposition). TGA: 5.32% for H2O. 
Cd-Cys (3) Using 1:1 CysH:Cd(NO3)2. In 50 mL of DI H2O, there was dissolved 1.031 
g (8.5 mmol) of L-cysteine. A white precipitate quickly formed upon addition of 2.567 g 
(8.3 mmol) of Cd(NO3)2·4H2O as a solid. After stirring 24 hr, there was added 25 mL of 200 
proof EtOH. After stirring an additional 5 min, the solid was filtered, washed with 10 mL 
of DI H2O, 10 mL of 200 proof EtOH, and 10 mL of ether. After drying in an oven at 80 oC, 
there was produced 1.036 g of Cd-Cys (3). IR (cm-1): 3037 [m], 1736 [vw], 1583 [m], 1491 
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[m], 1395 [s], 1300 [vs], 1127 [w], 1038 [w], 957 [vw], 858 [w]. DSC: Endothermic peaks 
207.41 oC and 253.19 oC. XRD produced amorphous pattern. 
Cd-Cys (4) Using 1:1 CysH:CdSO4. In 50 mL of DI H2O, there was dissolved 1.020 g 
(8.4 mmol) of L-cysteine. A white precipitate slowly formed upon addition of 1.740 g (8.4 
mmol) of CdSO4 as a solid. After stirring 24 hr, there was added 25 mL of 200 proof EtOH. 
After stirring an additional 5 min, the solid was filtered, washed with 10 mL of DI H2O, 10 
mL of 200 proof EtOH, and 10 mL of ether. After drying in an oven at 80 oC, there was 
produced 1.487 g of Cd-Cys (4). IR (cm-1): 3359 [m], 3034 [vs], 1575 [s], 1489 [s], 1401 [m], 
1344 [w], 1034 [s], 962 [w], 853 [vw]. DSC: Exothermic peak 219.06 oC. Endothermic peak 
287.99 oC. XRD produced amorphous pattern. 
3.3. Results and Discussion 
 
This discussion will briefly mention the potential process of using CysH to 
sequester Cd(II) from solutions of dissolved CdS. However, the main focus will be on the 
synthesis conditions, coordination chemistry, and potential biological relevance of 
Cd(Cys)Cl·H2O. The possible method for recycling Cd(II) from waste CdS needs to be 
mentioned here since the only solutions that produced single crystals for X-ray 
diffraction were grown from solutions prepared when monitoring the amount of Cd(II) 
removal from dissolved CdS. 
Cd(II) Precipitation with CysH 
Scheme 3.1 shows the method for Cd(II) precipitation from dissolved CdS. CdS 
was first dissolved in concentrated HCl. While the solution was still highly acidic, 
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favoring the production of H2S gas, nitrogen was bubbled through the solution to 
remove H2S. NaOH was then added to the solution to increase the pH. The addition of 2 
equivalents of CysH formed a white precipitate. Cd(Cys)Cl·H2O (1a) was then isolated by 
filtration and dried in air. 
 
Scheme 3.1. Method for precipitating Cd(II) from dissolved CdS 
Cd(Cys)Cl·H2O Crystal Structure 
After isolating 1a by filtration, the filtrate was evaporated to dryness and 
brought to 50 mL with DI H2O resulting in a solution with a pH of 2. After sitting at room 
temperature for four days, X-ray quality single crystals of Cd(Cys)Cl·H2O were isolated as 
1b, and the crystal structure determined. Figure 3.8 shows the asymmetric unit of 
Cd(Cys)Cl·H2O (1). Table 3.1, 3.2, and 3.3 contain the crystallographic data, selected 
bond lengths, and selected bond angles, respectively. 
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Figure 3.8. Asymmetric unit of Cd(Cys)Cl·H2O (1) with 50 % probability ellipsoids 
 
Table 3.1. Crystallographic data for Cd(Cys)Cl·H2O (1) 
Empirical formula C3H8CdClNO3S 
Molecular weight 286.01 
Temperature (K) 90 
Wavelength (Å) 0.71073 
Crystal system orthorhombic 
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Space group P 21 21 21 
Unit cell dimensions 
 
a (Å) 6.5461(2) 
b (Å) 10.2730(3) 
c (Å) 11.8540(3) 
a (o) 90 
b (o) 90 
c (o) 90 
V (Å3) 797.16(4) 
Z 4 
Absorption coefficient (mm-1) 3.285 
F(0 0 0) 552 
R1 (F for I>2σ(I)) 0.0166 
wR2 (F2 for all data) 0.0323 
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Table 3.2. Selected bond lengths (Å) for Cd(Cys)Cl·H2O (1) 
S1-C4 1.845(4) 
 
Cd1I-S1III 2.503(1) 
Cd1-Cl1 2.4734(9) 
 
Cd1I-S1 2.546(1) 
Cd1-O1 2.429(2) 
 
O1-C1 1.264(5) 
Cd1-O2 2.456(2) 
 
O2-C1 1.248(4) 
I = (x+1/2,-y+3/2, -z+1), II = (x-1,y,z), III= (x-1/2,-y+3/2, -z+1), IV = (x+1,y,z) 
Table 3.3. Selected bond angles (o) for Cd(Cys)Cl·H2O (1) 
C4-S1-Cd1IV 107.9(1) 
 
Cl1-Cd1-S1III 103.42(3) 
C4-S1-Cd1I 101.6(1) 
 
O1-Cd1-O2 53.82(8) 
Cd1IV-S1-Cd1I 99.28(3) 
 
O1-Cd1-S1II 103.23(6) 
Cd1-O2-C1 90.1(2) 
 
O1-Cd1-S1III 126.87(6) 
Cd1-O1-C1 91.0(2) 
 
O2-Cd1-S1II 105.96(6) 
C1-Cd1-O1 92.20(6) 
 
O2-Cd1-SIII 83.62(6) 
Cl1-Cd1-O2 137.58(6) 
 
S1III-Cd1-S1II 119.59(3) 
Cl1-Cd1-S1II 106.23(3) 
 
H1W-OW-H2W 114(3) 
I = (x+1/2,-y+3/2, -z+1), II = (x-1,y,z), III= (x-1/2,-y+3/2, -z+1), IV = (x+1,y,z) 
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Figure 3.9 shows the molecular structure of Cd(Cys)Cl·H2O (1) which consists of a 
polymeric chain of alternating Cd-S bonds with alternating bond lengths of 2.503 Å and 
2.546 Å. These bond lengths are comparable to the bond lengths in bulk würtzite CdS 
(2.526 Å and 2.540 Å) and are much shorter than the mean Cd-S bond length (2.752 Å) 
in the structure reported by Rebilly et al.91 The thiolate group of Cys provides the 
symmetrically equivalent sulfurs involved in bridging Cd bonds. The Cd-S-Cd angle is 
99.28o and the S-Cd-S angle is 119.59o. These angles are greater than the angles for Cd-
S-Cd (87.92o) and S-Cd-S (97.30o) in the structure reported by Rebilly et al.91 The 
carboxylate group of Cys is involved in bidentate binding to Cd, which is uncommon in 
known structures of Cd with carboxylate groups. The bidentate carboxylate O2-Cd-O1 
bite angle is 53.83o. The amine group of Cys is protonated and not involved in 
coordination to Cd. A fairly short terminal Cd-Cl bond, with the chloride ion being 
provided by the HCl used to dissolve CdS, completes the coordination sphere to give 
pentacoordinate Cd with distorted square pyramidal geometry. The Cl-Cd-S angle is 
106.23o. This terminal Cd-Cl bond distance (2.4734 Å) is longer but similar to the 
terminal Cd-Cl bond distance (2.387 Å) in [Cd2Cl4(C14H23N4OPS)2].98 This is the first 
reported Cd-Cys structure that contains an atom that is not part of the Cys ligand 
coordinated to the Cd center. A water molecule involved in donating hydrogen bonds to 
the carboxylate oxygens, and accepting hydrogen bonds from the protonated amine 
groups, dictates the conformation and packing of the polymeric chains. Figure 3.10 
shows the hydrogen bonds and the resulting packing. 
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Figure 3.9. Molecular structure of Cd(Cys)Cl·H2O (1) 
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Figure 3.10. Hydrogen bonding that dictates packing of 1 a) Blue lines showing hydrogen 
bonding, b) packing along a-axis, c) packing along b-axis, d) packing along c-axis. 
Hydrogens and water omitted in b, c, and d for clarity 
The structure of 1 is a one-dimensional (1D) material exhibiting 1D hexagonal 
CdS connectivity. The bidentate binding of Cys is responsible for enforcing this 1D 
hexagonal CdS connectivity. When bond angles are measured from the center of the 
carboxylate group (Figure 3.9), it indicates a distorted tetrahedral bond environment 
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around the metal center. Hexagonal CdS also has tetrahedral geometry. The hexagonal 
CdS connectivity is common in Cd-thiolate compounds.91 However, in the previously 
reported crystal structure of Cd-Cys, the 1D CdS connectivity is that of cubic CdS.91 
Figure 3.11 shows the polymeric Cd-S chain in Cd(Cys)Cl is a slightly distorted form of 
that found in hexagonal CdS. 
 
Figure 3.11. Comparison of repeating unit in Cd(Cys)Cl·H2O (left) to hexagonal CdS 
(right) 
The decomposition point from DSC of the Cd(Cys)Cl·H2O single crystals (1b) 
matches that of Cd(Cys)Cl·H2O isolated from Cd(II) precipitation from dissolved CdS (1a). 
However, XRD indicates 1a is amorphous, and DSC does not show a well-defined 
dehydration peak. The IR spectrum of 1b matches that of 1a with the only difference 
being sharper peaks due to the crystalline nature of 1b, especially in the region above 
2500 cm-1. These findings confirm that the amorphous compound isolated by filtration 
(1a) has the same structure as the crystals formed from the filtrate (1b). It was 
somewhat surprising to obtain X-ray quality crystals of a material that was isolated as an 
amorphous solid. 
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Amorphous and Crystalline Cd(Cys)Cl·H2O 
The synthesis of Cd(Cys)Cl·H2O using cadmium chloride was initially performed 
to determine if the compound formed in a simple reaction was the same as 1a, which 
was isolated from the complex reaction shown in Scheme 3.1. Further reactions were 
then conducted to investigate the impact of different synthesis conditions on the 
isolated compounds. The effect of reactant concentrations was investigated by 
conducting the reactions at different ratios of CysH and cadmium chloride. The effects 
of drying methods were investigated by drying the isolated compounds under vacuum 
or in an oven.  Scheme 3.2 outlines the findings from changing the different synthetic 
conditions. 
 
Scheme 3.2. Effect of different synthetic conditions on isolated product 
The first reactions using cadmium chloride as the Cd(II) precursor were dried in 
an oven. Compound 1c was isolated from the reaction of CysH and cadmium chloride in 
a 2:1 ratio. The 2:1 ratio was used to replicate the concentration ratio used to form 1a 
and 1b. The first interesting finding is that the XRD of 1c produces a pattern indicating it 
is not amorphous. Furthermore, the XRD pattern of 1c matches that of the predicted 
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pattern from the crystal structure of 1b (Figure 3.12). In the DSC of 1c, the dehydration 
occurs 5 oC below that of 1b and decomposition occurs 7 oC below that of 1b. The IR 
spectrum of 1c matches that of 1b exactly. The results of the characterization data 
confirm that 1c, isolated from the simple combination of CysH and cadmium chloride, is 
the same compound that was isolated from the more complex reaction where CdS 
served as the Cd(II) precursor, 1a. The only difference is that 1a is an amorphous solid, 
while 1c is a crystalline solid. This 1:1 Cd:Cys ratio is somewhat unexpected since crystal 
structures of amino acids, specifically glycine (Gly) and alanine (Ala), with Cd give 1:2 
Cd:AA products Cd(Gly)2 and Cd(Ala)2.93 Furthermore, at the same pH used in this work 
(pH~2), it was found that Hg(II) combined with CysH in different molar ratios leads to 
different products.94 
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Figure 3.12. Experimental XRD of crystalline Cd(Cys)Cl·H2O (top) and the XRD calculated 
from the single-crystal X-ray data using Mercury (bottom) 
The next reaction that produced 1d, which mimics the synthesis conditions 
reported by Shindo and Brown,94 combined CysH and cadmium chloride in a 1:1 ratio to 
determine if it formed the same compound produced when using a 2:1 ratio of CysH to 
cadmium chloride. The DSC of 1d is almost identical to 1b and 1c, with dehydration 
occurring 4 oC below that of 1b and decomposition occurring 2 oC below that of 1b. The 
IR spectrum of 1d is identical to the spectra of 1b and 1c. These findings confirm that 
both a 1:1 and 2:1 combination ratio of CysH to cadmium chloride both produce the 
same 1:1 Cys:Cd product, Cd(Cys)Cl·H2O. Furthermore, the 1:1 combination synthesis is 
similar to that of Shindo and Brown,94 which arrived at the correct empirical formula, 
Cd(Cys)Cl·H2O, from EA data. However, from IR data they proposed the structural 
formula [Cd{Cd(Cys)2}2][CdCl4]·4H2O.  Unfortunately, they obtained the IR spectrum 
after dehydration, so the IR spectrum could not be directly compared to the spectra 
produced in this work. 
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In an attempt to obtain dehydrated Cd(Cys)Cl the same reactions that produced 
crystalline 1c and 1d were repeated, but the isolated compounds were dried under 
vacuum. Drying the products from the 2:1 combination (1e) and 1:1 combination (1f) 
did not produce dehydrated Cd(Cys)Cl, but interestingly produced amorphous 
Cd(Cys)Cl·H2O. The IR spectra of 1e and 1f matches the spectrum of 1a. The amorphous 
nature of 1e and 1f is evident by the lack of X-ray diffraction in XRD producing an 
amorphous pattern. Additionally, the DSC of 1e and 1f does not show a well-defined 
dehydration peak. The decomposition temperature of 1e is 2 oC below that of 1a, and 
the decomposition temperature of 1f is only slightly higher than that of 1a. This 
characterization data confirms that when dried under vacuum both 2:1 and 1:1 
combinations of CysH with cadmium chloride form the same amorphous 1:1 Cd:Cys 
compound, Cd(Cys)Cl·H2O. The remaining question is why drying in an oven produces 
crystalline solids while drying under vacuum produces amorphous solids. 
DSC and TGA can help answer why the method of drying determines whether 
the solid is amorphous or crystalline. The weight loss for H2O from TGA for 1c, 1d, 1e, 
and 1f are 6.59%, 6.31%, 6.23%, and 5.95%, respectively, and all close to the calculated 
value of 6.30% for the loss of one H2O molecule from Cd(Cys)Cl·H2O. For crystalline 1c 
and 1d, the loss of H2O occurs over a narrow temperature range in DSC and TGA. The 
experimental weight loss percent is slightly over the calculated value and is most likely 
due to residual solvent. For the amorphous 1e and 1f, the loss of H2O occurs over a very 
large temperature range in DSC and TGA. It is believed that extended heating of 1c and 
1d in an oven causes the solid to crystallize and organizes the H2O molecules in the 
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crystal lattice. The gradual loss of H2O in 1e and 1f indicates that the H2O molecules are 
randomly oriented in the crystal lattice leading to a lack of hydrogen bonding that 
enforces the packing of the polymer chains in 1 (Figure 3.10). Additionally, the 
experimental weight loss percent for H2O in 1e and 1f is below the calculated value, 
indicating there could be some lattice vacancies. The combination of randomly ordered 
H2O molecules in the crystal lattice, due to a lack of crystallization at elevated 
temperatures, combined with potential lattice vacancies, are most likely the reasons 1e 
and 1f are amorphous solids. 
Reactions of CysH with Different Cd(II) Salts 
The effect of different counterions in solution was investigated by conducting 
the reactions using cadmium bromide, cadmium nitrate, and cadmium sulfate as the 
Cd(II) salts. All of the Cd-Cys compounds synthesized from various metal salts (cadmium 
bromide, cadmium nitrate, and cadmium sulfate) (2, 3, and 4) were dried in an oven in 
an attempt to produce crystalline products. Yields were not calculated because the 
exact structures could not be unambiguously determined with the characterization 
methods used. The most interesting information obtained was that XRD reveals Cd-Cys 
formed with the halide salts (1 and 2) are crystalline, while Cd-Cys formed with the non-
halide salts (3 and 4) are amorphous. 
The combination of CysH and cadmium nitrate in a 1:1 ratio produced 3 as an 
amorphous solid. The IR spectrum is similar to the spectra reported by Parsons et al.95 
for the reaction of CysH hydrochloride with cadmium nitrate in methanol at various 
73 
 
concentrations, but there are some noticeable differences. Due to the amorphous 
nature of 3, the Raman spectrum is of low quality with broad peaks. However, a 
prominent peak at 1030.59 cm-1 is in good agreement with the peak at 1025 cm-1 
attributed to the nitrate ion in an acetonitrile solution of cadmium nitrate.99 
Furthermore, a strong peak in the IR spectrum at 1300.23 cm-1, which is not present in 
the spectra reported by Parsons et al.95, is also present in the IR spectrum of cadmium 
nitrate in acetonitrile at 1295 cm-1 and assigned to the nitrate ion.99 This suggests that 
the nitrate ion is present in the structure of 3, but it is unclear if it is coordinated to the 
Cd(II) center or present as a counterion. The nitrate ion, compared to chloride, could 
disrupt potential hydrogen bonds and prevent efficient packing in the crystal lattice, 
which could be a possible explanation for the amorphous nature of 3. 
The combination of CysH and cadmium sulfate in a 1:1 ratio produced 4 as an 
amorphous solid. As with 3, due to the amorphous nature of 4, the Raman spectrum is 
low quality. The IR spectrum has broad peaks and does not match any of the spectra 
found in the literature for Cd(II) combined with CysH. There is a prominent peak in the 
IR spectrum at 1034 cm-1 that is not present in the spectra of the other compounds 
prepared with Cd and CysH, but this is outside the region for peaks associated with 
sulfate found in the literature. 
CysH and cadmium bromide were combined in a 1:1 ratio to obtain 2. At low 2θ 
values, the XRD pattern of 2 (Figure 3.13) is very similar to that of 1 (Figure 3.12). The DSC 
of 2 (Figure 3.14) is very close in shape and transition temperatures to 1 (Figure 3.15). The 
IR spectra of 1 and 2 are almost identical (Figure 3.16). The Raman spectra of 1 and 2 have 
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peaks corresponding to Cd-Cl and Cd-Br at 176 cm-1 and 169 cm-1, respectively. 
Furthermore, TGA of 2 shows a weight loss of 5.33% for water, which is very close to the 
calculated value of 5.45% in Cd(Cys)Br·H2O. This evidence supports that the structure of 
2 is most likely the bromide analog (Cd(Cys)Br·H2O) of 1.  
 
Figure 3.13. XRD of 2 
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Figure 3.14. DSC of 2 
 
Figure 3.15. DSC of 1 
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Figure 3.16. Overlay of IR spectra for 1 (red) and 2 (blue) 
 
Single Crystal Growth Attempts 
It was initially believed that the amount aqueous NaCl generated in the CdS 
recycling method, from the combination of HCl to dissolve CdS and NaOH to neutralize 
the solution, could potentially saturate the solution and “salt out” single crystals of 1. 
Attempts to add NaCl to the reaction filtrates of 1 failed to produce single crystals and 
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were abandoned after finding in the literature that 3 M NaCl solutions were used to 
prevent precipitation in solutions of CysH and cadmium chloride.100 The only other 
species present in the solutions from dissolved CdS were residual sulfide ions, which 
might play a role in forcing crystals of 1 out of solution. 
Several attempts were made to produce X-ray quality single crystals of 1-4 from 
aqueous reaction mixtures of CysH with Cd salts. Techniques such as cooling the 
reaction filtrate, cooling the filtrate of the isolated compounds heated in various 
solvents, and conducting the reactions at elevated temperatures in sealed containers all 
failed to produce single crystals of 1-4. The difficulty of producing single crystals suitable 
for X-ray diffraction was the major factor preventing unambiguous structure 
determination of compounds containing the Cd-Cys unit by previous researchers. 
Correction of 1965 Structure 
In 1965 Shindo and Brown94 combined CysH and cadmium chloride in a 1:1 ratio 
and isolated a solid with the empirical formula Cd(Cys)Cl·H2O. However, the proposed 
structure (Figure 3.7), based on IR and EA data, is [Cd{Cd(Cys)2}2][CdCl4] and does not 
match that of 1 from this work with the significant differences being four-coordinate Cd, 
monodentate carboxylate binding to Cd, and the chloride ion not being coordinated to 
the Cd center involved in Cys binding. 
While the synthesis conditions used (cadmium chloride and CysH in 1:1 ratio in 
water) for preparing 1 in this work were very similar to the synthetic conditions used by 
Shindo and Brown, their synthesis was repeated to ensure that they somehow did not 
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produce a different product. The synthesis was reproduced exactly on a 1/4 scale, but a 
few of their reaction conditions were not implicitly mentioned, so some assumptions 
had to be made. The temperature of the warm water was set at 60 oC, 15 mL of water 
was used as the volume for the small amount of water to dissolve cadmium chloride, 
and three washes at 10 mL each were used for the several times the isolated solid was 
washed with water. After drying under vacuum over CaCl2, 1g was isolated as a white 
solid. 
Not surprisingly, the IR spectrum of 1g matches the spectra of 1b, 1c, and 1d, 
indicating the compound they isolated was, in fact, Cd(Cys)Cl·H2O (1). What is very 
surprising, however, is that the spectrum exactly matches that of the single crystal (1b) 
and crystalline forms (1c and 1d) of Cd(Cys)Cl·H2O, but the peaks are narrower than 
those in the amorphous forms (1e and 1f). This is surprising because no heat was used 
when 1g was dried under vacuum. Drying under vacuum in this work produced 
amorphous Cd(Cys)Cl·H2O (1e and 1f). The only difference was 1g was dried over CaCl2, 
but this is not believed to be the cause of obtaining 1g as a crystalline solid. It is believed 
that 1g instantly crystallized during the reaction that was conducted at 60 oC. This 
crystallization for 1c and 1d occurred when they were placed in an oven to dry. 
To confirm with complete certainty that the compound synthesized by Shindo 
and Brown was actually Cd(Cys)Cl·H2O, their IR data needed to be compared to the 
compounds synthesized in this work, which required dehydration of the hydrated 
products. Dehydration was achieved following the same process as Shindo and Brown.94 
1d and 1g were dehydrated by heating the samples at 70 oC under vacuum over P2O5. 
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Table 3.4 contains the IR data of dehydrated 1d and 1g along with the reported values 
by Shindo and Brown.  
Table 3.4. IR comparison of dehydrated 1d and 1g 
1d dehydrated (cm-1) 1g dehydrated (cm-1) Literaturea(cm-1) 
1600 1599 1616 
1572 1572 1581 
1492 1493 1507 
1418 1419 1425 
1140 1140 1145 
1072 1072 1075 
1034 1034 1038 
962 963 966 
797 798 801 
aReported values by Shindo and Brown for dehydrated product 
 
The peaks for dehydrated 1d and 1g are almost identical. However, they slightly 
deviate from the values reported by Shindo and Brown. It is common to see peak shifts 
between spectra for the same sample when the spectrum is acquired on an attenuated 
total reflectance (ATR) spectrometer rather than a transmission spectrometer.101 Since 
the spectra of dehydrated 1d and 1g were acquired on an ATR spectrometer, the 
spectra showed small differences from the spectrum acquired on a transmission 
spectrometer reported by Shindo and Brown. 
The structure proposed by Shindo and Brown, while incorrect, was a reasonable 
structure given the characterization data available.  Other proposed structures in the 
literature,93,96 which have additional characterization data, show similar bonding of Cys 
to Cd. Their empirical formula, C3H6NSO2ClCd·H2O, which can be represented 
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Cd(Cys)Cl·H2O, was correct. However, their structural formula, 
[Cd{Cd(SCH2CHNH3CO2)2}2][CdCl4]·4H2O, was off by a factor of four and the indicated 
bonding modes were incorrect. 
Errors in published structures are probably more common than most think. 
However, most researchers are probably reluctant to come forward and address the 
error if discovered after the mistake has been published, or the error simply goes 
unnoticed. This is not to say researchers are dishonest or constantly making careless 
errors. In fact, an example of a research group correcting their mistake 15 years later 
recently emerged. A Canadian research group recently retracted their 2002 
publication102 claiming a dimeric, 14-member ring phosphinate-containing heterocycle. 
The NMR and EA data were consistent with a monomeric or dimeric species. However, 
the incorrect, although justified, analysis of the MS data resulted in the dimeric 
structure assignment. It was not until the compound was revisited 15 years later that a 
single crystal suitable X-ray structural determination was obtained and revealed the 
compound was actually a monomeric, 7-member ring. Once the mistake was realized, 
the authors retracted the original publication102 and corrected their mistake in a new 
publication.103  
Biological Relevance 
 CysH is not only an amino acid but is also found as a residue providing thiol 
groups in LMW thiols, such as GSH and MT, which have a considerable amount of 
evidence linking them to Cd handling and toxicity.25 Therefore, any structures containing 
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the Cd-Cys unit that can be unambiguously determined by X-ray crystallography could 
provide very valuable information on the molecular level to assist biologists and 
biochemists modeling of Cd handling at the cellular level. 
Some might consider it foolish to consider that compounds in the solid-state 
retain the same structure when placed in solution. However, some reports do support 
that the structure is retained when in solution.104,105 While 1 does not have high enough 
solubility in water to obtain an NMR in D2O to confirm it retains the structure, it does 
have some slight water solubility. Clear aqueous filtrates of 1 deposit solid 1 over time, 
indicating that it does have some water solubility. 
If neutral Cd-Cys compounds do retain their structure in solution, it could help 
with the modeling of Cd handling in the body. Furthermore, the only two structures that 
have been unambiguously determined are neutral compounds with a Cd:Cys ratio of 
1:1. Figure 3.1 shows the current model for the handling of Cd by Cys, formed from the 
enzymatic degradation of GSH-Cd-GSH.  Figure 3.18 is a modified version of Figure 3.1 
illustrating the hypothetical consequences of stoichiometry imbalances that would 
modify the current model of Cd handling in the lumen and transport to proximal tubular 
epithelial cells. 
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Figure 3.17. Modified Figure 3.1 illustrating hypothetical stoichiometry imbalances 
In Figure 3.17, Cd is still bound by two molecules of GSH. This is based on 
evidence supporting GSH-Cd-GSH.106 Furthermore, the binding of Cd by GSH is more 
similar to Zn than Hg or Pb.106 This is important since the handling of Cd by Cys (Figure 
3.1) is based on evidence of Hg with Cys,89,90 and assumes Cd and Hg behave the same.25 
It is believed that a molecular “mimicry” mechanism is responsible for Cys-Hg-Cys 
transportation across the luminal plasma membrane, in which Cys-Hg-Cys “mimics” 
CysH and is transferred by amino acid transporters into the cell (step 3 in Figure 3.1).25,90 
Hypothetically, if Cd does not behave the same as Hg, then step 3 (Figure 3.1 and 3.17) 
could be blocked and would not allow cellular entry by this path. When Cd or Hg are co-
administered with CysH or GSH in a 1:4 metal:thiol ratio, the overall disposition of Cd 
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and Hg in the body are considerably different.25 This observation provides a small 
amount of support for the hypothesis that Cd bound to Cys does not enter the cell 
through the same path as Hg bound to Cys, and would require a different mechanism 
for cellular entry, which would have an impact on its distribution compared to Hg. 
By no means is the form of Cd-Cys in the hypothetical model (Figure 3.17) 
considered to be 1. In fact, at luminal pH (5-6),25 the Cd(Cys) structure reported by 
Rebilly et al.91 would be more likely. However, the presence of chloride ions in the 
lumen,107 which is known to have an affinity to coordinate Cd,100 makes the presence of 
1 in the lumen a possibility.  
3.4. Conclusions 
 
 Single crystals of Cd(Cys)Cl·H2O (1) suitable for X-ray diffraction were grown, and 
the structure determined. The Cd(Cys)Cl·H2O structure is only the second structure 
containing the Cd-Cys unit to be unambiguously determined by X-ray crystallography. By 
recreating the synthesis reported by Shindo and Brown, the structure of 1 corrects the 
structure they proposed in 1965.  
The effects of the concentration of Cd(II)  and CysH, methods of drying, and 
different anions of the Cd(II) salt used on the structure of Cd(II)-containing product were 
also examined. Combining CysH and cadmium chloride in a 1:1 and 2:1 ratio both 
produce 1. Drying 1 in an oven produces a crystalline solid while drying under vacuum 
produces an amorphous solid. The halide Cd(II) salts produce crystalline solids, while the 
oxyanion Cd(II) salts produce amorphous solids. Furthermore, the characterization data 
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of 2, formed by the combination of CysH and cadmium bromide, strongly suggests that 
it is the bromide analog of 1.  
The biological relevance of 1 was briefly discussed. The fact that the only two 
structures containing the Cd-Cys unit characterized by X-ray crystallography have a 
Cys:Cd ratio of 1:1, while most of the proposed structures and model compounds have a 
Cys:Cd ratio of 2:1, could provide evidence that would help develop the current models 
of the handling and toxicity of Cd(II) in biological systems. 
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Chapter 4 Aqueous Synthesis of Cysteine Passivated CdSe Quantum Dots 
 
4.1. Introduction 
 
CdSe is an important type II-VI semiconductor with a bulk band gap of 1.74 eV.108 
As a result of this band gap, the particle sizes can be tuned to emit light over the entire 
range of the visible spectrum. QDs differ from organic dyes because their emission 
wavelength can be tuned by changing the particle size rather than changing the 
composition. This would be important for biological imaging because multiple targets 
could be imaged using the same excitation wavelength. 
One drawback of QDs, including CdSe, is the harsh reaction conditions often 
required for their production. This typically involves the injection of a metal organic 
precursor into a coordinating solvent at elevated temperatures. While this method does 
produce high-quality QDs, the energy requirements, use of air-sensitive reagents, and 
generation of hazardous waste, make this method unsuitable to be scaled up for 
commercial production. There is a need for low-temperature aqueous methods that can 
be scaled up for the commercial production of QDs. 
There are some reports of using CysH as a capping ligand for CdSe QDs,56,109,110 
but CysH is added to a solution containing a Cd(II) salt that serves as the Cd(II) source. 
While there are some reports of using sodium selenite as the Se precursor in the 
synthesis of CdSe QDs,111,110 they are either at elevated temperatures, use a different 
procedure from the one proposed here or lack essential characterization data. This is 
the first time a Cd-Cys compound has been introduced as a solid to serve as the Cd(II) 
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precursor, as well as providing CysH as a capping ligand, in an aqueous solution 
containing selenite as the Se precursor. 
The method used in this work offers several advantages compared to previous 
reports. First, the Cd(II) could come from a recycled source. The apparently stable Cd-
Cys compound can be prepared in advance and used at a later point, which could be 
useful since the shelf life of CysH is limited. While there are many literature sources that 
prepare CdSe QDs in aqueous solution,109,56,112,113,114 these are either conducted at 
elevated temperatures,112,56,114 use precursors that are formed at elevated 
temperatures,109,56,113 use microwave irradiation and ethylene glycol,111 or use 
precursors that must be used shortly after preparation.109 Being a room temperature 
aqueous method, there are hopes that this process can be scaled up for large-scale 
commercial production of CdSe QDs. 
4.2. Experimental 
 
Methods 
UV-Vis spectra (25oC) were acquired on an 8453 UV-Visible Spectroscopy System 
manufactured by Agilent. Fluorescence spectra (25oC, 377 nm excitation) were acquired 
on a LUMINA Fluorescence Spectrometer manufactured by Thermo Scientific. IR spectra 
(16 scans, 4 cm-1 resolution) were acquired on a NICOLET 6700 FT-IR equipped with a 
SMART iTR accessory manufactured by Thermo Scientific. Raman spectra (532 nm 2 
exposures, 15 sec exposure time, 0.1 mW power) were acquired on a DXR Raman 
Microscope manufactured by Thermo Scientific. DSC (Nitrogen, Ramp: 10oC/min) was 
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acquired on a DSC Q20 equipped with Refrigerated Cooling System 90 manufactured by 
TA Instruments. TGA (Nitrogen, Ramp: 10oC/min) was acquired on a TGA Q5000 
manufactured by TA Instruments. XRD was obtained on a Brunker-AXS D8 Discover 
Diffractometer. TEM images, STEM images, and EDS were acquired using a JEOL 2010F 
at 200 KeV. Centrifuging (20 oC at 8000 rpm for 15 min) was carried out on a LEGEND 
MACH 1.6 R centrifuge manufactured by Sorvall.  
Materials 
The MSDS should always be referred to before conducting work with any of 
these reagents. All solvents used were purchased from PHARMCO-AAPER and used as 
received. Water (18 MΩ cm) was distilled and deionized. L-cysteine (97%), 3-
mercaptopropionic acid (99%), cysteamine hydrochloride (98%), sodium hydroxide 
(extra pure), sodium selenite (99%), cadmium chloride hemipentahydrate (80% 
cadmium chloride), and rhodamine 6G (95%) were purchased from Sigma-Aldrich and 
used as received. Hydrochloric acid (37%) was purchased from EMD and used as 
received.  
Synthesis 
Cadmium-Cysteinate (Cd(Cys)Cl·H2O). To a stirring solution of CdCl2 · 2.5 H2O 
(6.06 g, 27 mmol) in DI H2O (100 mL) there was added L-cysteine (6.20 g, 51 mmol) as a 
solid. The resulting milky white solution with a pH of 2 was stirred for 24 hr, and 95% 
EtOH (100 mL) was added to aid in precipitation. The solid was collected by filtration 
and washed with EtOH (50 mL) and ether (20 mL). During the EtOH wash a white 
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precipitate was observed in the filtrate, which was characterized to be Cd(Cys)Cl·H2O 
but not added to the final product. The washed solid was dried under vacuum for 48 hr 
yielding Cd(Cys)Cl·H2O (6.84 g, 24 mmol) as a white solid. Yield = 94.12%. DSC: 
Exothermic transition at 213.38oC and small endothermic transition at 118.26oC (H2O). 
TGA: 5.63% for loss of H2O. IR (cm-1): 3462 [m, ν H2O], 3004 [vs, νa NH3+], 2931 [sh, ν 
CH2], 1575 [vs, νa COO-], 1471 [vs, δs NH3+], 1397 [s, νs COO-], 1338 [m, ω CH2], 1296 [m, 
δ CH], 1123 [w, ρ NH3+]. Raman (cm-1): 2940 [vs, νa NH3+], 1586 [w, νa COO-], 1409 [w, νs 
COO-], 1347 [w, ω CH2], 1309 [w, δ CH], 685 [m, ν CS], 243 [s, ν CdS]. 
Cadmium-Mercaptopropionic Acid (Cd-MPA). To a stirring solution of CdCl2 · 2.5 
H2O (13.27 g, 57.99 mmol) in DI H2O (100 mL) there was added 3-mercaptopropionic 
acid (MPA) (10 ml, 12.18 g, 115 mmol). The solution was initially clear and started to 
become cloudy white after a few seconds. After stirring 24 hr the solution was filtered 
and washed with DI H2O (20 mL), 100% EtOH (20 mL), and ether (20 mL). The white solid 
was dried under a stream of nitrogen to yield Cd-MPA (6.75 g). IR (cm-1): 3030 [w, ν OH], 
1690 [vs, ν C=O], 1426 [m, ν C=O + ω OH], 1254 [s, ω CH2], 1204 [m, CH2], 932 [m, ρ 
CH2], 647 [w, ν CS]. Raman (cm-1): 2984 [m, ν CH2], 1659 [w, ν C=O], 1434 [m, δ CH2], 649 
[s, ν CS], 283 [m, ν Cd-S]. 
Cadmium-Cysteamine (Cd-CA). To a stirring solution of CdCl2 · 2.5 H2O (6.140 g, 
26.88 mmol) in DI H2O (50 mL) there was added cysteamine HCl (6.168 g, 54.29 mmol). 
The cysteamine HCl dissolved resulting in a clear solution. After 10 min the solution 
started to become cloudy and was milky white after 30 min. After stirring 24 hr, the 
solution had a pH of 1 and was centrifuged. The solid was washed with DI H2O (20 mL), 
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100% EtOH (20 mL), ether (20 mL), and dried under a stream of nitrogen to yield Cd-
cysteamine, Cd-CA (3.968 g), as a white solid. IR (cm-1): 3141 [s, νa NH3+], 2936 [w, ν 
CH2], 1583 [s, δa NH3+], 1490 [vs, δs NH3+], 1080 [w, ρ NH3+]. Raman (cm-1): 3136 [m, νa 
NH3+], 2988 [vs, ν CH2], 2926 [vs, ν CH2], 1560 [m, δa NH3+], 1467 [m, δs NH3+], 1083 [m, ρ 
NH3+], 660 [s, ν CS], 247 [s, ν Cd-S]. 
CdSe-Cys: 24 hr Reaction, 1 M HCl/ 2.5 M NaOH, Small Cd Excess. To a stirring 1 
M HCl solution (50 mL) there was dissolved Cd(Cys)Cl·H2O (1.503 g, 5.26 mmol). In a 
separate flask, there was dissolved sodium selenite, Na2SeO3 (0.769 g, 4.45 mmol), in 
2.5 M NaOH (50 mL). The sodium selenite solution was added to the stirring Cd-Cys 
solution, and there was a fast color change from cloudy white to clear yellow and then 
finally egg yolk yellow. The reaction was allowed to stir 24 hr before being centrifuged. 
A white solid precipitated and was characterized to be cadmium hydroxide. To the 
supernatant, there was added 95% EtOH (100 mL) and the solution centrifuged. The 
clear supernatant was removed and the yellow solid dissolved in DI H2O (25 mL) and 
centrifuged. To the supernatant, there was added 95% EtOH (25 mL) and the solution 
centrifuged. The yellow precipitate was washed with 100% EtOH (20 mL), ether (25 mL) 
and dried under a stream of nitrogen. The last traces of solvent were removed under 
vacuum yielding CdSe-Cys QDs (0.305g) as a free-flowing yellow solid. 
CdSe-Cys: 25 min Reaction, 1 M HCl/ 2.5 M NaOH, Small Cd Excess. To a stirring 1 
M HCl solution (50 mL) there was dissolved Cd(Cys)Cl·H2O (1.494 g, 5.22 mmol). In a 
separate flask, there was dissolved sodium selenite, Na2SeO3 (0.754 g, 4.36 mmol), in 
2.5 M NaOH (50 mL). The sodium selenite solution was added to the stirring 
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Cd(Cys)Cl·H2O solution, and there was a fast color change from cloudy white to clear 
yellow and then finally egg yolk yellow. The reaction was allowed to stir 25 min before 
being centrifuged. A white solid precipitated and was characterized to be cadmium 
hydroxide. To the supernatant, there was added 95% EtOH (100 mL) and the solutions 
centrifuged. The clear supernatant was removed and the yellow solid dissolved in DI 
H2O (25 mL) and centrifuged. To the supernatant, there was added 95% EtOH (25 mL) 
and the solution centrifuged. The yellow solid was washed with 100% EtOH (20 mL), 
ether (25 mL), and dried under a stream of nitrogen. The last traces of solvent were 
removed under vacuum yielding of CdSe-Cys QDs (0.263 g) as a free-flowing yellow 
solid. 
CdSe-Cys: 25 min Reaction, 0.5 M HCl/ 1.25 M NaOH, Small Cd Excess. To a 
stirring 0.5 M HCl solution (50 mL) there was dissolved Cd(Cys)Cl·H2O (1.501 g, 5.25 
mmol). In a separate flask, there was dissolved sodium selenite, Na2SeO3 (0.766 g, 4.43 
mmol), in 1.25 M NaOH (50 mL). The sodium selenite solution was added to the stirring 
Cd(Cys)Cl·H2O solution, and there was a slow color change from cloudy white to clear 
yellow (the solution remained clear yellow unlike previous reactions). The reaction was 
allowed to stir 25 min before being centrifuged. There was no white precipitate 
observed. To the clear yellow supernatant, there was added 95% EtOH (100 mL) and the 
solution centrifuged. The clear supernatant was removed and the yellow solid dissolved 
in DI H2O (25 mL). This solution was then centrifuged. To the supernatant, there was 
added 95% EtOH (25 mL) and the solution centrifuged. The supernatant was removed, 
and the yellow solid was washed with 100% EtOH (20 mL), ether (25 mL), and dried 
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under a stream of nitrogen. The residual solvent was removed under vacuum yielding 
CdSe-Cys QDs (0.260 g) as a free-flowing yellow solid. 
CdSe-Cys: 25 min Reaction, 0.5 M HCl/ 1.25 M NaOH, Small Se Excess. To a 
stirring 0.5 M HCl solution (50 mL) there was dissolved Cd(Cys)Cl·H2O (0.749 g, 2.62 
mmol). In a separate flask, there was dissolved sodium selenite, Na2SeO3 (0.771 g, 4.46 
mmol), in 1.25 M NaOH (50 mL). The sodium selenite solution was added to the 
Cd(Cys)Cl·H2O solution resulting in an instant color change to cloudy white. After 10 sec 
the solution began turning yellow, and after 5 min it was clear yellow. After stirring 25 
min, the solution was centrifuged at 8000 rpm for 15 min. There was a small amount of 
a red and white precipitate. To the clear yellow supernatant, there was added 95% EtOH 
(100 mL) resulting in a cloudy yellow solution which was centrifuged at 8000 rpm for 15 
min. The colorless supernatant was removed, and the yellow solid washed with 100% 
EtOH (50 mL), ether (25 mL), and dried under a stream of nitrogen. The residual solvent 
was removed under high vacuum for 24 hr yielding CdSe-Cys (0.358 g) as a bright yellow 
solid. 
CdSe-Cys: 25 min Reaction, 0.5 M HCl/ 1.25 M NaOH, Large Cd Excess. To a 
stirring 0.5 M HCl solution (50 mL) there was dissolved Cd(Cys)Cl·H2O (1.505 g, 5.26 
mmol). In a separate flask, there was dissolved sodium selenite, Na2SeO3 (0.386 g, 2.23 
mmol), in 1.25 M NaOH (50 mL). The sodium selenite solution was added to the 
Cd(Cys)Cl·H2O solution resulting in an instant color change to cloudy white. Within 1 sec 
the solution turned colorless. After stirring 25 min, the solution had a very slight yellow 
tint and was centrifuged at 8000 rpm for 15 min. There was a very small amount of a red 
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and white precipitate. To the very faint yellow supernatant, there was added 95% EtOH 
(100 mL) resulting in a cloudy white solution which was centrifuged at 8000 rpm for 15 
min. The colorless supernatant was removed, and the white/yellow solid washed with 
100% EtOH (50 mL), ether (25 mL), and dried under a stream of nitrogen. The residual 
solvent was removed under high vacuum for 24 hr yielding CdSe-Cys (0.612g) as a dull 
yellow solid. 
CdSe Attempt Using CdCl2. To a stirring solution of CdCl2 2.5 H2O (0.976 g, 4.27 
mmol) in 0.5M HCl (50 mL) there was added a solution of sodium selenite, Na2SeO3 
(0.802 g, 4.64 mmol), in 1.25M NaOH (50 mL). Upon addition, the mixture instantly 
turned white. After stirring 48 hr, the solution remained white, and there was no CdSe 
particle formation. 
CdSe Using Cd-MPA. To a stirring 0.5 M HCl solution (50 mL) there was dissolved 
Cd-MPA (1.364 g). In a separate flask, there was dissolved sodium selenite, Na2SeO3 
(0.769 g, 4.45 mmol), in 1.25 M NaOH (50 mL). The sodium selenite solution was added 
to the stirring Cd-MPA solution, and there was a slow color change from cloudy white to 
cloudy white with a faint hint of yellow. The reaction was allowed to stir 25 min before 
being centrifuged. A white solid precipitated and was characterized to be cadmium 
hydroxide. To the supernatant, there was added 95% EtOH (100 mL) and the solution 
centrifuged. The clear supernatant was removed and the yellow oil dissolved in DI H2O 
(25 mL). There was added 100% EtOH (25 mL) and the solution centrifuged. The yellow 
solid was washed with 100% EtOH (20 mL), ether (25 mL), and dried under a stream of 
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nitrogen. The residual solvent was removed under vacuum yielding CdSe-MPA (0.0302 
g) as a free-flowing yellow solid. 
CdSe Using Cd-MPA. To a stirring solution of 0.5M HCl (50 mL), there was 
dissolved Cd-CA (1.438 g).  In a separate flask, there was dissolved sodium selenite, 
Na2SeO3 (0.770g), in 1.25M NaOH (50 mL). The sodium selenite solution was added to 
the stirring Cd-CA solution, and there was a rapid change from colorless to cloudy white 
and then to a cloudy yellow that persisted. After stirring 25 min, the solution was 
centrifuged. The colorless supernatant was removed, and DI H2O (50 mL) was added to 
the yellow precipitate, which crashed out and left behind no water-soluble CdSe. The 
solution was centrifuged and the colorless supernatant removed. The yellow solid was 
washed with 100% EtOH (50 mL), ether (50 mL), and dried under a stream of nitrogen to 
yield CdSe-CA (0.8477 g) as a water insoluble yellow solid. 
Zinc-Cysteinate (Zn-Cys). To a stirring solution of ZnCl2 (1.440 g, 10.6 mmol) in DI 
H2O (50 mL) there was added L-cysteine (2.409 g, 19.88 mmol) as a solid. Upon addition, 
the solution became clear once the CysH dissolved resulting in a pH of 5. The pH of the 
solution was brought to 2 with 6M HCl. There was then added 95% EtOH (25 mL), ether 
(10 mL), and the solution placed in a freezer. After 25 min a white precipitate had 
formed, and the solution was split between two centrifuge tubes. These were 
centrifuged at 6000 rpm for 20 min. The solid was washed with 95% EtOH (20 mL), 100% 
EtOH (20 mL), and ether (10 mL). The white solid was dried under a stream of nitrogen 
to yield Zn-Cys (0.060 g). IR (cm-1): 3462 [w], 3058 [s], 1625 [vs], 1483 [vs], 1396 [vs], 
1340 [s], 1296 [m], 1128 [w]  
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Mercury-Cysteinate (Hg-Cys). To a stirring solution of HgCl2 (1.456 g, 5.36 mmol) 
in DI H2O (40 mL) there was added L-cysteine (1.072 g, 4.46 mmol) as a solid. The 
solution turned milky white with a pH of 2. After stirring 24 hr the solution was filtered, 
the solid washed with DI H2O (25 mL), 100% EtOH (25 mL), and ether (25 mL). The white 
solid was dried under a stream of nitrogen yielding Hg-Cys (2.18 g). IR (cm-1): 3459 [w], 
2984 [vs], 1675 [s], 1604 [m], 1490 [s], 1427 [m] 
ZnSe QDs Attempt. To a stirring solution of Zn-Cys (0.186 g) in 1M HCl (25 mL) 
there was added a solution of sodium selenite, Na2SeO3 (0.102 g, 0.59 mmol), in 2M 
NaOH (25 mL). The solution immediately turned clear light yellow. After stirring 25 min, 
the solution was split between two centrifuge tubes, and there was added 95% EtOH (20 
mL in each). These were centrifuged at 6000 rpm for 30 min. The yellow solid was 
washed with 100% EtOH and dried under a stream of nitrogen to yield of ZnSe-Cys 
(0.031 g). 
HgSe QDs Attempt. To a stirring solution of Hg-Cys (1.007 g) in 1M HCl (25 mL) 
there was added a solution of sodium selenite, Na2SeO3 (0.444 g, 2.57 mmol), in 2M 
NaOH (25 mL). Upon addition, the solution immediately turned black indicating the 
production of bulk HgSe. This solution was centrifuged at 8000 rpm for 15 min. The 
precipitate was black with a metallic sheen. The orange supernatant was decanted, and 
there was added 95% EtOH (50 mL) and the solution centrifuged at 8000 rpm for 15 
min. The light yellow supernatant was removed and the precipitate dissolved in DI H2O 
(25 mL). This was centrifuged at 8000 rpm for 10 min resulting in a small amount of 
black precipitate. To the supernatant, there was added 95% EtOH (25 mL) and 
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centrifuged at 8000 rpm for 15 min. The colorless supernatant was removed and the 
precipitate washed with 100% EtOH (20 mL), ether (20 mL), and the orange solid dried 
under a stream of nitrogen to yield a fair amount of HgSe-Cys QDs as a red solid. 
4.3. Results and Discussion 
 
Cd-CA 
Cd-CA was not exhaustively characterized in this work since the main purpose for 
synthesizing the compound was to investigate the mechanism for CdSe QD formation. 
The IR spectrum is very similar to that reported for [Cd2.5Cl5(SCH2CH2NH3)].115   The 
crystal structure of [Cd2.5Cl5(SCH2CH2NH3)] shows that the amine group is protonated 
and not involved in coordination to Cd. This is also observed in Cd-CA by the presence of 
NH3+ stretching and deformation in the IR and Raman spectra. 
Cd-MPA 
As with Cd-CA, Cd-MPA was not fully characterized in this work. A cyclic type 
structure has been proposed in the literature.116 Absence of S-H stretching frequencies 
in the IR and Raman spectra indicate that the thiol group is involved in bonding to Cd. 
Based on the position of the asymmetric COO- stretch (1690 cm-1) and symmetric COO-  
stretch (1426 cm-1) in the IR spectrum, it is concluded that the carboxylate group is 
deprotonated. 
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CdSe-Cys Quantum Dots 
In preliminary experiments to determine if the developed method could form 
CdSe QDs, aliquots from the reaction mixture were taken at different times and 
quenched in a small amount of ethanol. Figure 4.1 shows the virtually colorless solutions 
taken at increasing time intervals (left to right) under ambient light. Figure 4.2 shows 
the same solutions irradiated with ultraviolet light in which the virtually colorless 
samples now fluoresce over a wide range of the visible spectrum. Figure 4.3 shows the 
fluorescence emission spectra of the first aliquot taken after 1 minute and the last 
aliquot taken after 22 hours with a λmax of 482.3 nm and 525.7 nm, respectively. This 
preliminary data indicates that the method used could produce CdSe QDs of various 
sizes based on reaction times. 
 
Figure 4.1. Photograph of CdSe-Cys QD solutions under ambient light 
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Figure 4.2. Photograph of CdSe-Cys QD solutions under UV illumination 
 
Figure 4.3. Fluorescence emission spectrum of CdSe-Cys QDs isolated from the reaction 
mixture (blue) isolated after 1 min and (orange) isolated after 22 hr 
After determining the proposed method could form CdSe QDs, the QDs were 
isolated and characterized. All of the characterization data reported, unless noted 
otherwise, is for CdSe-Cys formed in the 24 hr reaction with 1 M HCl and 2.5 M NaOH 
with a slight excess of Cd. A small excess of Cd was used because from previous work it 
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was determined that removal of Cd(II) is easier than removal of selenite in the liquid 
waste generated in the reaction. The excess Cd, in the form of Cd(Cys)Cl·H2O, also 
ensured there was an excess of Cys to passivate the CdSe QDs surface. 
UV-Vis Absorbance 
The UV-Vis absorption spectrum (Figure 4.4) does not show a well-defined 
absorption peak maximum. From the absorption edge, estimated to be 465 nm, the 
“effective band gap” of the particles was calculated to be 2.67 eV using the equation:  
 
where h = 6.626 x 10-34 m2 kg/s, c = 3.0 x 108 m/s, and λ = 465 x 10-9 m. Then using the 
conversion factor 1 eV = 1.6 x 10-19 J. This value, being greater than the band gap for 
bulk CdSe (1.74 eV),117 indicates quantum confinement in the prepared CdSe QDs. The 
particle size estimated from this band gap was found to be 2.01 nm using the 
equation:117 
 
where α is the particle diameter, h = 6.626 x 10-34 m2 kg/s, ΔEg = ((4.27 x 10-19 J) 
(effective band gap) – (2.78 x 10-19 J) (bulk band gap)), me = 0.13 mo, mh = 0.44 mo, and mo 
is the electron rest mass (9.109 x 10-31 kg). 
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Figure 4.4. UV-Vis absorbance spectrum of CdSe-Cys QDs 
Fluorescence 
The fluorescence emission spectrum (Figure 4.5) is fairly broad with a full-width 
half-max of 145 nm. This indicates a broad size distribution which is reflected in the UV-
Vis spectrum by the lack of a well-defined absorption maximum. The emission maximum 
is 525 nm which is in the green region of the visible spectrum. The large Stokes shift 
between absorption and emission indicates trap state emission. This trap state emission 
could arise from surface defects which could also give rise to the broad fluorescence 
emission peak. This could be due to the very small size of the particles which give a high 
surface-to-volume ratio. With a high surface-to-volume ratio there is the potential to 
have more surface defects than a particle with a low surface-to-volume ratio, which 
increases the probability of other radiative relaxation processes, such as trap state 
emission. The additional minor emission peak around 675 nm is attributed to the 
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instrument. Photoluminescence quantum yield (PL QY) measurements, using 
Rhodamine 6G as a reference, found the PL QY to be 37%. 
 
Figure 4.5. Fluorescence emission spectrum of CdSe-Cys QDs 
Despite the fact that the particles exhibit trap state emission, due to the high PL 
QY, they could be potentially useful in biomedical applications. A challenge with many 
fluorescent dyes used in biological imaging is separation of the excitation and emission 
bands. As the separation of excitation peak and emission peak increase so does the 
sensitivity.118 One of the previous challenges with using QDs for biological imaging was 
due to their hydrophobic nature as a result of the synthesis technique. The water-
soluble CdSe QDs synthesized in this work are stable in neutral to basic aqueous 
solutions and would be ideal candidates for biological imaging. The terminal carboxylate 
group of the Cys cap offers the possibility for functionalization with other biologically 
active targets. 
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Powder XRD 
The XRD pattern of the isolated CdSe QDs (Figure 4.6) shows fairly broad 
diffraction peaks, which is an indication of small particle size, due to incomplete 
destructive interference of the diffracted beam. The presence of the peaks indexed to 
the (111), (220), and (311) crystallographic planes are consistent with cubic CdSe.119 
Further evidence that the QDs are formed in the cubic phase is the absence of a peak at 
2θ = 35o which is present in the hexagonal phase.119  The peak corresponding to the 
(111) plane at 2θ = 27o is well-defined, but the peaks corresponding to the (220) and 
(311) planes at 2θ = 46o overlap with each other. The peaks are slightly shifted from 
those found in pure cubic CdSe towards those found in cubic CdS. This shift is also found 
when a CdS shell is formed on a CdSe core120 and can be attributed to a layer of Cd-S 
bonds formed by Cys that passivates the surface of the CdSe QDs. The pattern matches 
well with small CdSe QDs found in the literature.108,112 
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Figure 4.6. XRD pattern of CdSe-Cys QDs 
Infrared Spectroscopy 
Figure 4.7 shows the IR spectrum for CdSe-Cys The broad peak from 3700 – 2800 
cm-1 is most likely due to residual water in the sample, which is confirmed by TGA and 
DSC. The peak at 2920 cm-1 is assigned to the C-H stretching vibration of the alkyl chain 
of Cys. The absence of a peak for S-H stretching indicates that Cys is bound to the 
surface by a Cd-S bond. The peaks at 1576 cm-1 and 1401 cm-1 are assigned to the 
asymmetric and symmetric stretching of the carboxylate anion (COO-), respectively. The 
absence of the peak around 1700 cm-1 corresponding to the carbonyl group of a 
protonated carboxylic acid gives further evidence that the carboxylate group is 
deprotonated and exists as a carboxylate anion. The presence of free carboxylate anions 
give the particles a net negative charge and prevents agglomeration of the particles.108 
The peak at 3328 cm-1 is attributed to coordinated NH2 stretching.121 The absence of an 
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NH3+ deformation peak around 1520 cm-1 gives further evidence that the amine exists in 
its neutral state and is coordinated to the surface of CdSe. At the pH that the synthesis 
was carried out (pH ~13), the amine group would bear a neutral charge. A neutral amine 
is, in general, a slightly stronger nucleophile than a carboxylate group and should have 
priority for secondary coordination.121  
 
Figure 4.7. IR spectrum of CdSe-Cys QDs 
Raman Spectroscopy 
The Raman spectrum (Figure 4.8) has two peaks at 205 cm-1 and 292 cm-1 
corresponding to the scattering of the longitudinal optical phonon in CdSe and CdS, 
respectively. It has been shown that in the absence of a CdS shell, CdSe did not exhibit a 
Raman shift corresponding to the scattering of the longitudinal optical phonon of CdS, 
but as the CdS shell became thicker, there was an increase in the intensity of the 
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peak.122 The equal intensities of the peaks associated with the longitudinal optical 
phonon of CdSe and CdS indicate that the capping of the CdSe particles by Cys is fairly 
robust. Furthermore, it is observed that a decrease in particle size causes a decrease in 
the frequency of the peak associated with CdSe to smaller wavenumbers than that in 
bulk CdSe (210 cm-1) due to phonon confinement effect.122 The peak shift from 210 cm-1 
in bulk CdSe to 205 cm-1 in the prepared CdSe particles indicate phonon confinement as 
a result of the nanometer size of the QDs. The shoulders at 279 cm-1 and 194 cm-1 are 
assigned to the surface optical phonon of CdS and CdSe, respectively. These are not 
present in the spectra of CdSe/CdS particles with low CdS monolayer coverage but 
appear as the monolayer coverage increases.122 The peak at 488 cm-1 is attributed to a 
combination mode of the longitudinal optical phonon of CdSe and CdS. This peak is 
thought to arise due to the alloy CdSXSe(x-1) at the surface of the particles.122 The results 
of the Raman data obtained indicate great surface passivation by the Cys cap. 
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Figure 4.8. Raman spectrum of CdSe-Cys QDs 
Thermal Analysis 
An overlay of the TGA and DSC graphs are shown in Figure 4.9. The presence of 
water in the sample is confirmed by DSC (Endothermic 94.68 oC) and TGA (10.27%). The 
reason for such a large amount of water is due to that fact that the particles were not 
heated when being held under vacuum in an attempt to reduce the possibility of 
particle decomposition. Also, the water-soluble particles are hydrophilic and could 
potentially absorb moisture from the atmosphere. The next observed transition in the 
DSC (Endothermic 246.57 oC), with subsequent weight loss in the TGA (11.94%), 
corresponds to the decomposition of the Cys ligand on the particle surface. The onset of 
Cys decomposition (235.84 oC) is roughly 5 oC below the decomposition point of CysH. 
The next transition in the DSC (Exothermic 275.82 oC), with no subsequent weight loss 
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by TGA, corresponds to the phase transition from cubic to hexagonal. This occurs only 
after the Cys cap has been decomposed because the bidentate coordination of S and N 
prevent the lattice plane from sliding which is necessary for structural phase transition. 
The next transition observed in the DSC (Endothermic 522.11 oC) corresponds to melting 
with decomposition of CdSe. Bulk CdSe has a melting point of 1268 oC,123 but the 
nanoparticles decompose at a much lower temperature. This is due to the nanometer 
size of the particles in which the number of surface atoms approaches the number of 
atoms in the core. The coordination number of these surface atoms is less than that of 
the core atoms, so these atoms are more easily rearranged than the core atoms and 
melting occurs sooner. This has been observed for gold nanoparticles in which a ~1.5 nm 
particle melts at ~450 oC, while a ~10 nm particle melts at ~1000 oC.124 After the 
decomposition of CdSe, there is subsequent weight loss in TGA from the vaporization of 
Se (BP = 685 oC)123 and Cd (BP = 767 oC)123. No attempt was made to calculate the 
number of Cys molecules capping the surface because weight loss is seen all the way up 
to 700 oC for CysH (TGA this work) and there is not a uniform particle size.  
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Figure 4.9. Overlay of TGA (blue) and DSC (green) graphs of CdSe-Cys QDs 
TEM 
The transmission electron microscope (TEM) image (Figure 4.10) obtained on a 
grid prepared with CdSe-Cys solutions in ethanol shows agglomerated patches of 
particles. Little information as to the morphology and particle size can be obtained from 
the images. However, in one of the images an interesting lattice fringe measurement 
(Figure 4.11) taken from the blue line in Figure 4.9 was obtained. The average lattice 
fringe measurement of 0.37 nm would correspond to the (1/3){422} reflection.125 These 
Bragg forbidden reflections in face-centered cubic structures are caused by two intrinsic 
defects in the crystal structure.125 The defect of interest, which has effects on the optical 
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properties, are nanocrystals with multiple twins on the {111} plane, which disrupt the 
ordered structure of the crystals.125 Given that other characterization techniques 
indicate a relatively high amount of passivation by the Cys ligand, one would not expect 
trap state emission, which will be discussed more below, to dominate the emission 
spectrum of the particles. 
 
Figure 4.10. TEM image of CdSe-Cys QDs 
109 
 
 
Figure 4.11. Lattice fringe measurement of CdSe-Cys QDs 
STEM 
While the TEM images of the grids prepared with CdSe-Cys in ethanol show 
multiple areas of agglomerated particles, the TEM of grids prepared with CdSe-Cys in 
water show very few patches of particles and a good image was not obtainable. 
However, when switched to scanning transmission electron microscope (STEM) mode, a 
patch of fairly isolated particles was located.  A STEM image under high-angle annular 
dark field (HAADF) imaging mode was obtained. The CdSe-Cys QDs are able to be 
viewed as light spots on the dark lacy carbon background due to the relatively large 
atomic masses of Cd and Se. From the image (Figure 4.12), a couple of pieces of 
information are gained. First, the particle morphology is mostly spherical. Second, the 
particle sizes are all less than 10 nm, with some particles being less than 1.2 nm, 
indicating very small particles in the quantum confinement regime. Third, the particle 
size distribution is not narrow with there being numerous different size particles, which 
leads to the need for post-preparative methods, such as size exclusion chromatography 
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or size selective precipitation, to narrow the size distribution. The organic Cys cap could 
be one reason an out of focused image was obtained. The brighter spots could 
correspond to particles that are not heavily passivated by the Cys cap, and the more 
numerous darker spots could correspond to particles that are heavily passivated by Cys. 
This could be understood in terms of the Z-contrast, in which the organic ligands do not 
incoherently scatter electrons as well as the heavier Cd and Se atoms composing the 
core leading to darker particles in the images. 
 
Figure 4.12. STEM image of CdSe-Cys QDs 
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Energy Dispersive Spectroscopy 
The EDS spectrum (Figure 4.13) of the particles confirms the composition of the 
material as CdSe, through the presence of Se Kα, Se Kβ, Se L, and Cd L lines. The presence 
of the Cys cap is also evident by the presence of the O Kα and S Kα lines.  
 
Figure 4.13. EDS spectrum of CdSe-Cys QDs 
It is known that CdSe nanoparticles with Se rich surfaces show trap state 
emission.126 The unpassivated terminal Se atoms have a lone pair of electrons that work 
as excellent hole traps leading to trap state emission. If Cd on the particles surface is 
indeed highly passivated by Cys, then the trap state emission could be due to a Se rich 
surface, the defects caused by multiple twins, or a combination of the two. 
Reaction Time 
It has been shown that reaction time has a significant impact on the size of 
synthesized QDs.127 To investigate the effect of reaction time on particle growth the 
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reaction conducted for 24 hr using 1 M HCl and 2.5 M NaOH with a small excess of Cd 
was compared to a reaction conducted for 25 min using 1 M HCl and 2.5 M NaOH with a 
small excess of Cd. Figure 4.14 shows the UV-Vis absorption spectra from the two 
reactions. The reaction conducted for 25 min has an absorption edge of ~440 nm, 
compared to ~465 nm for the 24 hr reaction, indicating smaller particles for the shorter 
reaction. The shorter reaction spectrum also has a clearly defined absorption peak at 
~390 nm corresponding to the 1s(e)-1s(h) exciton transition. There also appears to be a 
small absorption peak at ~350 nm corresponding to the higher energy 1p(e)-1p(h) 
exciton transition. The existence of well-defined absorption peaks indicates a relatively 
narrow size distribution in the particles formed in the shorter reaction. Figure 4.15 
shows the fluorescence emission spectra from the reactions conducted for different 
times. There is very little difference in the two spectra. However, the emission maxima 
(~521 nm), as well as the full-width half-max, of the spectrum for the shorter reaction 
are both less than that of the longer reaction. This indicates that a shorter reaction time 
produces slightly smaller particles with a narrower size distribution. Furthermore, UV-
Vis spectra (not shown) of aliquots taken at 10 min intervals shows a steady increase in 
the absorption edge up to 30 mins. This all indicates that after 25 mins there is little 
particle growth. The lack of well-defined absorption peaks for the longer reaction could 
be due to Ostwald ripening, which causes a defocusing in particle size leading to larger 
particle size distributions. However, the small shifts in the absorption edges and 
emission maxima indicate that there is little Ostwald ripening. This could be due to the 
robust passivation by Cys which stabilizes the particles and prevents Ostwald ripening. 
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Figure 4.14. UV-Vis absorbance spectra from changing reaction time (blue) 24 hr and 
(orange) 25 min 
 
Figure 4.15. Fluorescence emission spectra from changing reaction time (blue) 24 hr and 
(orange) 25 min 
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Concentration of HCl and NaOH 
The concentration of HCl and NaOH in the precursor solutions was reduced to 
half the original concentration while keeping the reaction time at 25 min and still using a 
small excess of Cd. This was done to decrease the amount of HCl and NaOH used in the 
reaction in an effort to make the reaction less costly. It was believed that there would 
be very little change in the particle size since the concentration of both the HCl and 
NaOH were each reduced by half exactly. However, the fluorescence emission spectra 
(Figure 4.16) confirms that it does have an impact on particle size. The emission maxima 
(495 nm) for the particles formed at half the acid and base concentrations is much less 
than the emission maxima (521 nm) for the particles formed at the original acid and 
base concentrations. An attempt to explain this can be made using the stability constant 
of Cd-Cys. In a 1 M NaCl solution, the stability constant is 4.97, which reduces to 4.84 in 
3 M NaCl.100 The decrease in stability at higher NaCl concentrations is attributed to 
chloride forming complexes with Cd. The tendency for chloride to complex with Cd is 
reflected in the fact that the starting precursor, Cd(Cys)Cl·H2O, contains the chloride ion 
coordinated to the Cd center. Higher HCl and NaOH concentrations lead to a solution 
with a higher concentration of NaCl when mixed. The higher NaCl concentration 
decreases the stability constant of Cd-Cys which allows Se2- to displace Cys from Cd 
more easily and particle growth is accelerated leading to larger nuclei formation. 
Therefore, larger particles form at higher HCl and NaOH concentrations. Although 
further investigation is needed, this could provide a way to control particle size just by 
the simple addition of NaCl to the reaction mixture. 
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Figure 4.16. Fluorescence emission spectra from changing acid and base concentrations 
(orange) 1 M HCl/2.5 M NaOH and (blue) 0.5 M HCl/1.25 M NaOH  
Concentration of Cd and Se Precursors  
While the original synthetic method was designed to have an excess of Cd in an 
attempt to make the waste solutions easier to manage, it would be interesting to 
observe how changing the concentration of Cd or Se affect the optical properties of the 
particles.  
 Figure 4.17 shows the UV spectra of CdSe QDs using half the Cd concentration of 
the original method (blue) and half the Se concentration of the original method 
(orange). Both samples have fairly similar absorption edges, but the sample prepared 
using half the Se concentration has a more well-defined absorption peak, indicating a 
narrower particle size distribution. This could be because decreasing the Se 
concentration leads to a large excess of Cys in solution which would passivate the 
surface of the formed particles and prevent Ostwald ripening.  
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Figure 4.17. Effect of changing Cd and Se concentrations on UV-Vis spectrum (blue) half 
Cd concentration and (orange) half Se concentration  
Figure 4.18 shows the fluorescence emission spectra of CdSe QDs prepared at 
the original concentrations (blue), half the Cd concentration of the original method 
(orange), and half the Se concentration of the original method (gray). The sample 
prepared at half the Se concentration shows a blue shift compared to the sample 
prepared using the original concentrations, indicating a decrease in average particle 
size. This can again be explained by the fact that decreasing the Se concentration leads 
to a large excess of Cys in solution which passivates the particles and prevents Ostwald 
ripening. The sample prepared at half the Cd concentration shows a red shift compared 
to the sample prepared using the original concentrations, indicating an increase in 
average particle size. This increase in average particle size is most likely due to the fact 
that decreasing the Cd concentration also decreases the amount of Cys available to 
passivate the particles surfaces and leads to increased Ostwald ripening. 
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Figure 4.18. Effect of changing Cd and Se concentrations on fluorescence (blue) original 
concentrations, (orange) half Cd concentration, and (gray) half Se concentration 
Investigation of Mechanism 
To elucidate the mechanism for CdSe formation, so a better understanding of 
what variables play a role in particle formation could be gained, a series of reactions 
were carried out. When dissolved in water, sodium selenite forms H2SeO3 at acidic pH. 
At the pH the reaction was carried out at (~13), Se will exist as the anion SeO32- between 
-0.2 and 0.1 V.88 If the potential is below -0.2 V (i.e., reducing conditions) at pH 13, Se 
will exist as the anion Se2-,88 which is capable of reacting with Cd2+ to form CdSe. The 
fact that no reaction occured when sodium selenite was combined with cadmium 
chloride under the same reaction conditions indicates that there has to be a reducing 
agent present. In other reports that use aqueous methods, hydrazine hydrate or sodium 
borohydride are common reducing agents.108,56,128,110,112,113,114  
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It was realized through the work with BDTH2 and selenite that elemental Se can 
be precipitated by reaction of selenite with thiol-containing compounds at basic pH. 
Therefore the reducing agent in this system is the thiol group of CysH. Not only does the 
thiol-containing compound act as the reducing agent, but it also passivates the surface 
of the particles. It has been shown that amines can solubilize elemental Se in 
solvothermal reactions.129 In the system used in this work, the elemental Se is believed 
to be solubilized by the amine group of cystine, formed by oxidation of CysH when 
reducing selenite present in the reaction mixture. This can be done at room 
temperature because the elemental Se produced in situ is most likely in the nanometer 
regime, and unlike bulk Se powder, it is instantly solubilized by the amine groups. The 
solubilization results in Se having a formal 2- charge and the cystine groups having a 
formal 1+ charge each. This results in an instable complex which releases Se as highly 
reactive Se2- that reacts with Cd(II) to form CdSe cores, which continue to grow from 
solution until the monomer concentration is depleted. 
To investigate the role of the amine group in the reaction mechanism different 
thiols were used. Figure 4.19 shows the framework structure of the ligands investigated. 
The main ligand used in the study, CysH, has X = amine and Y = carboxylic acid. Also 
studied were 3-mercaptopropionic acid (X = H and Y = carboxylic acid) and cysteamine (X 
= H and Y = amine). 
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Figure 4.19. Framework of thiols used in mechanism investigation 
When the reaction was performed with 3-mercaptopropionic acid, there was 
minimal particle formation. This indicates that the amine group is not necessary for 
particle formation, but it most likely plays a role in increasing the yield. The reaction is 
possible without the amine present because the reducing agent (RSH) allows the 
potential to reach below -0.2 V where HSe- is formed and allowed to react with Cd(II). 
Furthermore, the small amount of particles formed were water-soluble. This provides 
additional evidence that the carboxylate group is not bound to the surface of the 
particles and exists as the free anion giving the particles a net negative charge and 
prevents agglomeration. In contrast, when cysteamine was used in the reaction a large 
amount of water-insoluble particles were formed. The large amount of particles formed 
indicates that having an amine group present in the reaction mixture greatly increases 
particle growth. The water insolubility can be attributed to the lack of a carboxylate 
anions on the surface of the particles which prevents particle agglomeration. 
Extension of Method to ZnSe and HgSe 
 Since the structure of Zn-Cys and Hg-Cys could not be unambiguously 
determined, the stoichiometry of the reactions to produce ZnSe and HgSe could not be 
made to match that of the reaction to produce CdSe. The UV-Vis spectrum of the ZnSe 
produced from the reaction (Figure 4.20) is continuous and does not show a well-
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defined absorption edge. This indicates that bulk ZnSe was produced rather than ZnSe 
QDs. This could be due to the low affinity of thiols for Zn, which would decrease the 
surface passivation by Cys leading to increased Ostwald ripening. Since the starting 
concentration of Zn in the reaction cannot be precisely determined, it can be argued 
that changing the starting concentrations of reactants might produce ZnSe QDs, but this 
was not attempted. 
 
Figure 4.20. UV-Vis absorbance spectrum of ZnSe-Cys 
 In the initial purification steps of the HgSe synthesis, a black substance with a 
metallic sheen was first isolated, indicating production of bulk HgSe and elemental Hg. 
After further purification, an orange powder was obtained. The UV-Vis spectrum of the 
prepared HgSe (Figure 4.21) does have a fairly well-defined absorption edge at 525 nm, 
corresponding to a band gap of 2.37 eV. This band gap, being larger than the band gap 
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of bulk HgSe (-0.24 eV),130 indicates quantum confinement in the prepared HgSe 
particles, confirming that this method can be extended to the production of HgSe QDs. 
 
Figure 4.21. UV-Vis absorbance spectrum of HgSe-Cys 
4.4. Conclusions 
 
 This work has shown that water-soluble CdSe-Cys QDs can be prepared by a 
straightforward environmentally friendly method. There is no need for heat and the 
only liquid waste produced consists of ethanol and water. Also, only two precursors are 
required, which is uncommon in other aqueous based techniques. The Cd(Cys)Cl·H2O 
precursor, which shows long-term stability and could come from a recycled Cd(II) 
source, provides Cd(II), the passivating ligand, and acts as the reducing agent required 
for the synthesis. While the CdSe-Cys QDs that are highly passivated with Cys do show 
an unusual trap state emission, they do have a fairly high PL QY which could be 
potentially useful for biological imaging or other applications which require a large gap 
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between absorption and emission maxima. When investigating the mechanism, it was 
determined that a reducing agent, in the form of CysH, is required for particle 
formation. It was also demonstrated that the amine group, either from CysH or cystine, 
which converts the elemental Se produced in the initial reduction steps to the highly 
reactive Se2-, greatly increases the quantity of particles produced. The carboxylic acid 
group of CysH was also shown to be responsible for forming particles that are water-
soluble. While the method was unable to be extended to the production of ZnSe QDs, it 
was able to produce HgSe QDs. 
 Future work is needed to see if this method could be scaled up for industrial 
production. Other future work could involve using different post-preparative processes 
to narrow the particle size distribution. It is also important to determine what steps are 
needed to produce waste generated in the synthesis that is free of Cd and Se. 
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Chapter 5 Conclusions 
 
 In summary, this research focused on the interactions of compounds containing 
group 12 and 16 elements. First, the interaction of the dithiol, BDTH2, with aqueous 
selenite was investigated. Second, the interaction of Cd(II) with CysH was investigated. 
Third, the knowledge gained when studying the interaction of BDTH2 with selenite was 
used to develop a green synthesis of CdSe QDs using Cd(Cys)Cl·H2O as a precursor. 
 The investigation of the interaction of BDTH2 with aqueous selenite revealed that 
BDTH2 would not be a great sequestration agent for aqueous selenite. This is due to the 
carefully controlled conditions required for formation of the BDT(S-Se-S) precipitate. 
While it could be used to precipitate elemental Se, which could then be removed by 
filtration, it would make more sense to use a cheaper sacrificial thiol to achieve Se 
precipitation. This work also concluded that ABDTH2 would not be an appropriate 
receptor ligand for the detection of selenite in a QCM. While BDTH2 and ABDTH2 have a 
high affinity for Hg and Pb, which could make ABDTH2 a useful receptor ligand for their 
detection in a QCM, there would be the problem of sensor fouling due to the formation 
of disulfide bonds caused by selenite in solution. The presence of selenite in water 
sources would require upstream removal of selenite, which would likely also remove 
some Hg or Pb, leading to inaccurate measurements of their concentrations. While 
BDTH2 does not react with selenate, ABDTH2 does react with selenate in a slow and 
unpredictable manner to precipitate elemental Se. Future work could address the 
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structural features of each ligand to determine the cause of the differing reactivity with 
selenate. 
 When combining CysH and cadmium chloride, the anticipated product was 
expected to be Cd(Cys)2. The finding that CysH:Cd combination ratios of 1:1 and 2:1 
both formed the same 1:1 Cys:Cd product was quite surprising. While not surprising, it 
was interesting to observe that both the synthesis temperature and method of drying 
determined if the product produced was amorphous or crystalline. When searching the 
literature, the synthesis reported by Shindo and Brown was very similar to the synthesis 
that produced Cd(Cys)Cl·H2O in this work, but their proposed structure was different. 
Repeating their synthetic procedure and comparing the characterization data to that of 
Cd(Cys)Cl·H2O confirmed that while they did have the empirical formula correct, the 
structure they proposed was incorrect and was actually Cd(Cys)Cl·H2O. Cd(Cys)Cl·H2O 
has biological relevance and should be considered in the future when modeling the 
handling of Cd in the body. Furthermore, since the structure has been unambiguously 
determined, this compound could be administered in studies that require a Cd-Cys 
compound with a known Cd:Cys ratio. 
 The method for the green synthesis of CdSe-Cys QDs was initially developed in 
hopes that it could be scaled up for production of CdSe-Cys QDs to be used in electronic 
devices. However, the water solubility of the synthesized QDs is not ideal for fabrication 
of electronic devices. While this method proved to be an environmentally friendly 
synthesis of CdSe-Cys QDs, the method is not perfect. The broad particle size 
distribution means that there would be a need for post-preparative processes to narrow 
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the size distribution. The QDs also exhibit an unusual trap state emission, which could 
be considered a negative property, but could be useful for biological imaging 
applications. The water solubility also makes the QDs promising candidates for use in 
biological imaging. The free carboxylate group of the Cys capping ligand could be 
coupled to a biologically active molecule with a pendant amine group which could be 
used for imaging biological targets. While the small scale synthesis reported in this work 
produces a sufficient quantity of QDs for use in biological imaging, future work could 
focus on the feasibility of scaling up the synthesis, as well as post-preparative processes 
to narrow the particle size distribution. 
 This dissertation has provided a prime example of the power of modern X-ray 
crystallography in determining the structure of chemical compounds. The crystal 
structure of Cd(Cys)Cl·H2O corrected the structure proposed by Shindo and Brown over 
50 years ago. Given the characterization data and literature available at the time, the 
structure proposed by Shindo and Brown was a viable structure, and misrepresenting 
the structure was an honest mistake. In fact, the recent 2017 retraction of a structure 
published in 2002 is a perfect example that these mistakes can still be made even with 
more literature available and advances in instrumentation. Furthermore, the structure 
of BDT(S-Se-S) in this work could have easily been misrepresented as BDT(S-Se(OH)2-S) if 
the characterization data and previous literature had not been thoroughly evaluated. 
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